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15.1  Introduction: Basic Immunology Section Including  
CSR Mechanism

Class-switch recombination (CSR), also known as isotype switching, is the biologi-
cal mechanism that changes the isotype of an antibody (immunoglobulin) from one 
type to the other (i.e., from IgM to IgG, IgA or IgE). During this process, the con-
stant region of the Ig molecule is replaced, while leaving the variable region, which 
is generated via V(D)J recombination intact. This implies that the antigen specific-
ity of the Ig molecule does not change; however, the effector function and tissue 
distribution of the Ig molecule change as a result of CSR.

15.1.1  Germinal Center Reaction

CSR takes place in activated B-cells in the germinal centers of the lymph nodes 
and tonsils [1, 2]. The immune response starts with transport of antigens to the 
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spleen and lymph nodes by dendritic cells. After antigen uptake, dendritic cells 
become activated and express antigen in the context of MHC class II. Together 
with naïve T-cells, they migrate (in response to CCL19 and CCL21) to the T-cell 
zone of the lymph nodes. Antigen-specific CD4+ T-cells recognize with their 
T-cell receptor (TCR) the MHCII-peptide complex (immunological synapse 1) 
and get activated. This interaction is supported by co-stimulatory molecules and 
adhesion molecules with its ligands. Activated T-cells express CD40L, produce 
several cytokines, differentiate into CD4+ effector T-cells (Tfh cells), and 
migrate to the border of the T-cell zone and the B-cell follicle (see Fig. 15.1 for 
cognate B-T interaction). B-cells that have recognized antigen followed by 
uptake and presentation and MHCII- peptide complex also migrate to this bor-
der, where they can encounter the activated T-follicular helper (Tfh) cells. The 
recognition is based on the interaction between the TCR on the Tfh cell and the 
MHC-II-peptide complex on the B-cell and the co- stimulation via CD40L 
expressed on the T-cell and CD40 expressed on the B-cell (synapse 2). Both 
interactions (signals) are required to fully activate the B-cell under influence of 
cytokines produced by the activated Tfh cells. Subsequently B-cells can prolif-
erate and differentiate in the germinal center. B-cells start proliferating forming 
a dark zone of centroblasts in the germinal center. During this phase the cells 
express AID, which is induced upon NFκFB signaling. AID induces somatic 
hypermutations (SHM) in the variable regions of the Ig molecules thereby 
changing the affinity of the B-cell receptor. The proliferative phase is followed 
by differentiation into nonproliferating centrocytes in the light zone of the ger-
minal center. The light zone consists of a large network of follicular dendritic 
cells (FDCs) that bind long-term antigen-antibody complexes on its cell surface 
via their Fc receptors, which allow presentation of unprocessed antigen to 
B-cells. B-cells with BCRs with the highest affinity can best uptake antigen 
from the FDCs and will express the most MHCII-peptide complex that will lead 
to the best co-stimulation by the Tfh cells, which are also present in the light 
zone. Via this mechanism B-cells with the highest affinity have the best survival 
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(survival of the fittest). Other cells die via apoptosis. Positive selected B-cells 
undergo class-switch recombination (CSR) and become either memory B-cell 
and leave the germinal center, recirculate into the dark zone to start another 
found of proliferation and mutation, or become plasma cell.

15.1.2  SHM and CSR at the Molecular Level

15.1.2.1  Somatic Hypermutation (SHM)
During the germinal center reaction, SHM are induced prior to induction of CSR 
[3]. The first step in SHM is deamination of dC into dU by AID (i.e., activation- 
induced cytidine deaminase) in the rearranged V(D)J exons creating U:G mis-
matches (Fig.  15.2). If replication occurs without repair of these mismatches, 
transitions occur at C:G pairs. However, these mismatches can also be repaired 
via base excision repair (BER) or mismatch repair (MMR). During BER, the dU 
can be recognized and removed by uracil-N-glycosylase (UNG), which creates 
an abasic site that is recognized by BER proteins. Apyrimidinic endonuclease 
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(APE) nicks the phosphate backbone creating a single-strand (ss)DNA gap, 
which is filled by error-prone polymerases (Pol rev1) resulting in transitions and 
transversions at C:G pairs. Alternatively, the U:G mismatch is recognized by the 
MSH2/MSH6 complex, which recruits other MMR proteins, including exonucle-
ase 1 (Exo1), which removes surrounding nucleotides leaving a ssDNA gap. The 
error-prone polymerase η (Polη) fills this gap and inserts random nucleotides at 
A:T pairs. Therefore, repair of U:G mismatches via MMR results primarily in 
transitions and transversions at A:T pairs.

15.1.2.2  Class-Switch Recombination (CSR)
The constant region of the IGH locus consists of several constant regions encoding 
the different isotypes (Cμ, Cδ, Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε, and Cα2), which 
determine the effector functions of the corresponding antibodies (Fig. 15.3a). Every 
constant region is preceded by a switch (S) region. S regions are composed of tan-
dem repeats of G-rich sequences (20–80 bp) with a total length of approximately 
1–12 kb, which are unique for a giving S region [4]. Only Cδ is not preceded by a 
switch region, because it formed upon alternative splicing of IGM-IGD transcripts. 
CSR is initiated by the AID (i.e., activation-induced cytidine deaminase), which 
deaminates dC to become dU in the top and bottom strands of the S regions, which 
are transcriptionally active via germline transcription (e.g., Sμ and Sα; see 
Fig.  15.3b) [5]. Via UNG and APE activity, these AID-initiated ssDNA breaks, 
which are located in close proximity, are then converted into DNA double-strand 
breaks (Fig.  15.3c), which can either be repaired by the non-homologous end- 
joining (NHEJ) pathway or via alternative end joining (aEJ) forming a Sμ-Sα hybrid 
joint [5]. Via this mechanism the constant region can be replaced with a different 
isotype leading to a different effector function while leaving the antigen recognition 
part (i.e., the V(D)J exon) unaffected.

15.2  CSR Deficiencies

Class-switch recombination deficiencies are a heterogeneous group of primary 
immunodeficiencies characterized by normal or increased levels of serum IgM in 
combination with reduced or absence of serum IgG, IgA, or IgE. The former name 
of CSR deficiency was hyper-IgM syndrome. The estimated frequency of CSR 
defects is around 1:500,000 newborns. There are different underlying genetic causes 
of CSR deficiencies, and they can be divided into groups with genetic defects ham-
pering the cognate T-B interaction (CD40L, CD40, and NEMO), a group with 
intrinsic B-cell defects (AID and UNG), and finally a group with DNA repair defects 
involving the non-homologous end-joining (NHEJ) pathway or the mismatch repair 
(MMR) pathway [5–7]. The different CSR deficiencies have their specific immuno-
logical and clinical characteristics, which also require different treatment strategies. 
In the next sections, we describe characteristics of the involved genes and the differ-
ent clinical and pathological findings together with laboratory findings followed by 
a section about treatment and prognosis.
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15.2.1  Defects in T-B Interaction

15.2.1.1  CD40L Deficiency (OMIM 308230) and CD40 Deficiency 
(OMIM 606843)

Genes
The X-linked gene CD40LG (Xq26.3) codes for CD40 ligand, which is a type II 
transmembrane belonging to the TNF protein family. It is expressed on activated 
CD4+ T-helper cells (especially the follicular T-helper cells in the germinal centers) 
as trimer and interacts with constitutively expressed CD40 on B-cells and other 
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immune cells. CD40 (20q13.12) is a member of the TNF-receptor superfamily 
which is constitutively expressed as trimer on B-cells, on dendritic cells, and on 
monocytes. CD40L-CD40 interaction induces B-cell intracellular signaling, via the 
NFκB signaling pathway and expression of AID and UNG, the two B-cell-specific 
proteins that play a key role in CSR and SHM.

Clinical Presentation
X-linked CD40L deficiency is the most common CSR deficiency, whereas autoso-
mal recessive CD40 deficiency is much more rare. Most patients present in early 
childhood with recurrent upper and lower respiratory tract infections. They have a 
high susceptibility for Pneumocystis jirovecii pneumonia, which is often the first 
clinical finding [6]. This infection is a sign of impaired cell-mediated immunity due 
to abnormal T-cell-monocyte interaction. Respiratory infections with CMV, respira-
tory syncytial virus, Cryptococcus, and mycobacteria have also been reported. 
Protracted diarrhea is another frequently occurring problem, which may require 
parenteral nutrition. Giardia lamblia or Cryptosporidium infections are often asso-
ciated with diarrhea and the latter also with later-onset sclerosing cholangitis, which 
is a severe and often fatal complication. About 50% of the patients develop neutro-
penia, which causes oral ulcers. CD40L and CD40 deficiencies are associated with 
an increased risk of malignancies such as lymphomas, hepato-carcinomas, cholan-
giocarcinomas, and gastrointestinal and pancreatic tumors. Finally, other less fre-
quent complications are hepatosplenomegaly, lymphadenopathy, and autoimmune 
manifestations such as hemolytic anemia, thrombocytopenia, and immune-complex 
(IgM)-mediated nephritis [8].

Laboratory Results
CD40L and CD40 deficiencies have elevated or normal levels of serum IgM with a 
markedly reduced level of IgG and IgA. A low level of IgM does not exclude the 
diagnosis of CD40L or CD40 deficiency. Sometimes normal or elevated IgA levels 
might be observed, which results from the T-cell-independent pathway. In CD40L 
deficiencies CD40L is not expressed on activated T-cells, which can be demon-
strated upon in vitro stimulation with PMA and Ca-ionophore. CD40 expression is 
absent on B-cells of CD40 deficient patients. The number of B-cells is normal; 
however, due to impairment of the T-cell-dependent response, switched memory 
B-cells are absent. However, natural effector/marginal zone B-cells (IgM + IgD + 
CD27+) are present as well as CD27-IgA+ B-cells, which both arise from the T-cell- 
independent pathway [9]. The proliferative response to mitogens such as phytohe-
magglutinin (PHA) is normal, whereas the response to specific antigens is often 
reduced and there is a low production of TH1 cytokines. The absolute number of 
CD4+ and CD8+ T-cells is normal.

Treatment and Prognosis
The number of patients with CD40 deficiency is extremely small, and outcome and 
treatment options are the same as those of patients with CD40L deficiency—they 
will be therefore considered together. The majority of reported cohorts from 
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developed countries are historic, and caution should be taken when inferring current 
outcomes from these historic cohorts, as diagnosis and management has significantly 
changed. Published data from 79 patients in the US registry in the early 2000s 
showed an overall mortality in the cohort of 10%, although the majority of patients 
were <10 years of age and none were >30 years of age. Deaths were from a number 
of causes including pneumonia, encephalitis, and malignancy, with the median age 
of death being 14 years (range 9 months–25 years) [10]. Similar causes of death were 
reported in an historic UK cohort [11]. A more recent report from a Latin American 
cohort of 35 patients confirms that pneumonia was the most common complication, 
but encephalitis was also reported, and three of the four deaths (10% of the cohort) 
were due to central nervous system infections despite immunoglobulin replacement 
[12]. In a small much younger Indian cohort (seven patients, median age 2.6 years, 
range 1.6–8 years), pneumonia remains the most common infection, and no encepha-
litis was reported, although the patients were young [13]. The most recent multi-
center international study of patients with CD40L deficiency reported on 176 patients 
[14]. The median age was 11 years (range, 0.1–60.7 years). Median survival was 
25  years, with no statistical difference between those treated conventionally and 
those receiving hematopoietic stem cell transplantation, although the Karnofsky/
Lansky age performance scores were significantly better in the transplanted group. In 
this cohort, malignancy and hepatic disease were the most common causes of mortal-
ity in the non-transplant group, and there was an annual mortality of 2.2%. A multi-
center international survey of 93 patients transplanted for CD40L deficiency between 
1993 and 2014, from 23 different centers, in 15 countries documented an overall 
survival of 77.4% [15]. Results were better in transplants performed after the year 
2000 (83% overall survival) and in children transplanted when <10  years of age 
(88.7% overall survival). The median follow-up was 4.3 years (range 0.4–17.1 years). 
Survival was 96.1% in patients transplanted with no pre-existing chronic lung dis-
ease and/or liver disease. While many patients were able to discontinue prophylactic 
medication, there were patients who required continued immunoglobulin substitu-
tion because of poor donor chimerism, and 13% rejected the first transplant, pre-
dominantly those who had received reduced intensity conditioning. For patients with 
severe liver disease, hepatic transplant can be performed before hematopoietic stem 
cell transplantation [16]. The most concerning feature about these data is the occur-
rence of potentially fatal complications despite adequate prophylaxis, particularly 
central nervous system infection and cryptosporidial infection leading to sclerosing 
cholangitis and hepatocellular carcinoma. Given that most successful transplants 
occurred in patients <10 years of age, without pre-existing respiratory or hepatic 
disease, and that the Karnofsky/Lansky age performance scores are better, there is a 
strong argument to offer stem cell transplant early to these patients, particularly as 
these will most readily tolerate myeloablative conditioning which is more likely to 
correct the defect. However, this has to be balanced with the potential long-term 
toxicities of chemotherapy, particularly on fertility.

Within the field of primary immunodeficiencies, gene therapy in the form of gene 
addition to defective hematopoietic stem cells using viral vectors is emerging as a 
potential corrective therapy for some types of severe combined immunodeficiency. 
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Correction of CD40L deficiency by gene addition in murine models has led to thy-
mic lymphoproliferative disorders, probably because gene expression needs to be 
tightly controlled [17]. An alternative approach could be to use gene-editing to 
remove the faulty CD40LG gene from peripheral T-cells and replace it with a func-
tional gene, thus restoring function in T-helper cells and enabling T-cell interaction 
with B-cells and antigen-presenting cells. This method has been shown to be effec-
tive in murine models [18], but clinical trials have yet to be developed.

15.2.1.2  NEMO Deficiency (OMIM 300248)

Gene
The IKBKG gene (Xq28) encodes the protein NEMO (NFκB essential modulator), 
which is the founding member of an evolutionarily conserved family of NEMO-like 
kinases that function in numerous cell signaling pathways. NEMO/IKKγ is one of 
the three catalytic subunits of the IKK complex (together with IKKα and IKKβ) 
[19]. NFκB is a transcription factor sequestered in the cytoplasm of resting cells 
through binding to inhibitor of NFκB (IκB) proteins. Upon cell stimulation, IκB are 
phosphorylated by IKK leading to degradation and release of NFκB, which can 
translocate to the nucleus where it can bind DNA and regulate gene transcription of 
genes such as AID and UNG.

Clinical Presentation
Hypomorphic mutations in the X-linked NEMO gene result in ectodermal dysplasia, 
anhidrotic with immunodeficiency (EDA-ID), which is characterized by sparse hair, 
cone-shaped teeth and hypohidrosis with lack of sweating and a tendency to develop 
hyperpyrexia [20]. More severe mutations also result in osteopetrosis and lymphedema, 
but loss-of-function mutations are lethal [21]. Female carriers have signs of incontinen-
tia pigmenti syndrome, characterized by skin abnormalities including blistering rash at 
birth and in early infancy followed by development of wart-like skin growths [19]. 
There are signs of hyperpigmentation occurring in a swirled pattern, which fade with 
time. In adulthood incontinentia pigmenti usually shows lines of hypopigmentation on 
their arms and legs. Other signs are alopecia and dental and eye abnormalities. NEMO-
deficient patients are susceptible to infections with pyogenic bacteria (S. pneumoniae, 
H. influenzae, and S. aureus) and to infections with mycobacteria (M. avium or M. 
kansasii), which causes meningitis, sepsis, arthritis, and osteomyelitis [21, 22]. 
Opportunistic infections with Pneumocystis jirovecii and chronic mucocutaneous can-
didiasis (CMC) have also been reported in a minority of patients. The overall clinical 
presentation is heterogeneous and ranges in severity. This might be caused by the 
nature of the mutation and the level of residual NEMO activity.

Laboratory Findings
NEMO deficiency is immunologically characterized by hypogammaglobulinemia 
in combination with poor antibody response to polysaccharide antigens. Serum IgM 
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or IgA can be increased. NK cell function is reduced, and the T-cell responses to 
mitogens and recall antigens in vitro are variable. T- and B-cell counts in the periph-
eral blood are normal, although the number of memory B-cells can be reduced. 
Persistent lymphocytosis in combination with a normal distribution of T, B, and NK 
cells is also a common finding. In vitro NFκB function can be evaluated by stimula-
tion of peripheral blood mononuclear cells with TLR or IL1R ligands and measure-
ment of IL6 (reduced in NEMO deficiency). Another functional test suitable for 
evaluation of NEMO variants is measurement of degradation of IκB in patient’s 
fibroblast upon stimulation with IL1β or TNFα [23].

Treatment and Prognosis
While the immunological defects in patients with CD40 or CD40L deficiency can 
be simply explained by interruption of ligand to receptor binding and signaling in 
hematopoietically derived cells, and thus restoration of function by replacement of 
defective hematopoietic stem cells, the solution is not so straightforward for patients 
with NEMO deficiency. NF-kB and NEMO are widely expressed in many tissues 
and are involved in many signal transduction pathways, including at least three non- 
hematopoietic pathways. Therefore, while replacement of defective hematopoietic 
stem cells may resolve some immunological features, other manifestations, such as 
lymphedema or ectodermal dysplasia, may remain.

B-cell and antibody deficiencies are the most commonly reported immunological 
abnormalities reported in a cohort of 72 individuals with NEMO deficiency (median 
age 4.6 years, range 0–48 years), of which 50% of patients who were alive were 
receiving immunoglobulin replacement therapy [21]. Twenty-seven patients had 
died (median age 2.75 years, range 0–48 years), and only 15 were >10 years of age. 
Serious viral infection occurred in 21% of patients and opportunistic infections 
occurred in 10%. While most patients do not warrant consideration for hematopoi-
etic stem cell transplantation, one fairly large transplant cohort of 29 patients has 
been described [24]. Median age at transplantation was 3.4  years, range 0.33–
18.8 years. The majority of patients experienced opportunistic infection with myco-
bacterial or fungal species, and many required nutritional support pre-transplantation. 
The overall survival was 74% at 108 months after transplantation with a median 
follow-up of 57 months and an engraftment rate of 93%. Age at transplantation did 
not influence the survival rate, which was better with matched siblings than unre-
lated donors. However, patients receiving stem cells from carrier female relatives 
appeared to have only partial correction of the immunodeficiency. Patients with 
mycobacterial infection had a worse outcome than those without. Some patients 
with colitis pre-transplant did not have resolution of symptoms, and two others 
developed colitis post-transplant, a phenomenon previously reported [25]. These 
observations suggest that the pathogenesis of NEMO deficiency-related colitis may 
involve a non-hematopoietic pathway and that transplantation may not correct IBD, 
possibly reflecting the importance of the NF-κB pathway in intestinal epithelial 
cells for controlling epithelial gut integrity.
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15.2.2  Intrinsic B-Cell Defects

15.2.2.1  AID Deficiency (OMIM 605258)

Gene
Activating-induced cytidine deaminase (AICDA; 12p13.31) is the gene encoding 
AID, which is exclusively expressed in germinal center B-cells. AID is a DNA- 
specific cytidine deaminase, which is involved in the induction of CSR and SHM by 
deamination of cytidine to uracil during transcription of Ig-variable (V) and 
Ig-switch (S) regions (see Sect. 15.1.2). Mutations located in the C-terminal part of 
AID result in severe CSR deficiency while SHM is not affected.

Clinical Presentation
AID deficiency is characterized by recurrent bacterial infections of the respiratory 
tract, mostly due to encapsulated bacteria, which can lead to bronchiectasis [26]. Also, 
gastrointestinal bacterial infections are a prominent feature, which are sometimes 
related to persistent Giardia lamblia infections. Opportunistic infections and neutro-
penia, which are characteristic for CD40 and CD40L deficiency, are not observed 
because in AID deficiency, the T-cell responses are unaffected. Lymphoid hyperplasia 
is a striking feature affecting mainly cervical lymph nodes and tonsils, which may 
even require resection. In addition, arthritis and autoimmune features (hemolytic ane-
mia, thrombocytopenia, and autoimmune hepatitis) are frequently found [8].

Laboratory Findings
AID-deficient patients have normal to elevated serum IgM levels and reduced or 
absent serum IgG and IgA levels. IgM isohemagglutinins and anti-polysaccharide 
IgM are normally present [6, 26]. The total number of T-cells and B-cells is within 
the normal range; however, switched memory B-cells are absent. B-cells are able to 
proliferate in vitro; however, upon stimulation with anti-CD40 and cytokines, they 
do not undergo CSR, which is characteristic for an intrinsic B-cell defect. The level 
of SHM is strongly impaired. The lymphoid hyperplasia can be characterized by 
follicular hyperplasia with giant germinal centers and small mantle zone interfol-
licular area.

15.2.2.2  UNG Deficiency (OMIM 608106)

Gene
Uracil-DNA glycosylase (UNG; 12q24.11) is expressed in germinal center B-cells 
in parallel with AID and removes uracil from DNA molecules via cleaving the 
N-glycosylic bond that has been generated by AID activity. This subsequently 
induces the error-prone base excision repair (BER) pathway of the SHM process, 
which generally results in transitions and transversions at C:G pairs. Mutations in 
the UNG gene result in increased accumulation of genomic uracil [27]. UNG- 
deficient patients have profound impairment in CSR at a DNA precleavage step and 
with a partial disturbance of the SHM pattern [28].
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Clinical Presentation and Laboratory Findings
Only a few patients with UNG deficiency have been described [28]. They described 
patients have susceptibility to bacterial infections of the respiratory tract, cervical 
and mediastinal lymph node hyperplasia, increased serum IgM concentrations, and 
profoundly decreased serum IgG and IgA concentrations. At the time of diagnosis, 
antibody titers to pneumococcal and tetanus antigens were reduced. The T-cell 
counts and functions are normal, including the expression of CD40L on activated 
T-cells. B-cells also proliferate normally; however, they do not undergo class-switch 
recombination. The CSR defect occurs between the switch region transcription and 
induction of DNA double-strand breaks. The frequency of SHM in UNG is unaf-
fected. However, the pattern of SHM is biased toward transitions at G/C pairs (i.e., 
G > A; C > T), whereas the ratio of transitions and transversions at A/T pairs is 
normal [28].

Treatment and Prognosis AID and UNG Deficiencies
There are few patients described with deficiency of AID or particularly of UNG, 
and treatment and prognosis will be considered jointly. Infections in these patients 
are characteristic of those associated with antibody deficiency, in contrast to 
patients with CD40, CD40L, or NEMO deficiency who also experience opportu-
nistic infections [12, 26, 28]. Patients with deficient of AID have also been 
described as having gastrointestinal infections due to giardia. However, in con-
trast to patients with agammaglobulinemia, these patients appear not to experi-
ence enteroviral infections of the central nervous system. Treatment with 
immunoglobulin replacement should resolve the symptoms. AID-deficient 
patients may experience extreme lymphoid hyperplasia, for which surgery may 
provide symptomatic relief. Autoimmunity is also described [29] which may be 
severe and life-threatening and require treatment with anti-CD20 antibody with or 
without other immunosuppression.

15.2.3  DNA Repair Defects

15.2.3.1  Ataxia Telangiectasia (OMIM 208900)

Gene
Ataxia telangiectasia mutated (ATM;11q22.3) is a member of the phosphatidylino-
sitol3 kinase family, which includes DNA-PKcs and ATR, which all function in 
DNA break responses. It exists as an inactive dimer/tetramer that is activated and 
recruited to sites of double-strand breaks. ATM accumulates at repair foci and regu-
lates binding and activation of double-strand break (DSB) repair proteins and sub-
sequent repair of the DSBs. ATM also initiates a cell-cycle checkpoint until repair 
is complete [30, 31]. It responses to DNA damage through phosphorylation of 
essential substrates involved in DSB repair and cell-cycle control. During CSR, 
ATM organizes the repair complex and might contribute to the correct juxtaposition 
of DSBs during the long-range interaction required for accurate switch 
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recombination [32]. However, defective switch to distal constant regions in patients 
with AT could also (in part) be explained by an impaired ability of B-cells to undergo 
multiple successful GC responses [33].

Clinical Presentation
AT is characterized by cerebellar ataxia, oculocutaneous telangiectasias, radiosensi-
tivity, chromosomal instability, a propensity for development of (mainly hemato-
logic) malignancies, growth retardation, and endocrine abnormalities. The 
prevalence of cancer in AT patients is 10–30% [34]. AT patients also have signs of 
immunodeficiency, predominantly antibody deficiency. However the extent and 
severity is highly variable. Classical AT refers to patients with an early-onset dis-
ease (childhood) in contrast to variant AT, which presents at adulthood. A subset of 
patients with classical AT has a severe early-onset hypogammaglobulinemia remi-
niscent of a CSR deficiency [35, 36]. Some patients experience lung infections, 
chronic lung disease, and recurrent infections, which are associated with immune 
deficiency. The majority of infections in childhood are caused by Staphylococcus 
aureus, Haemophilus influenza, and Streptococcus pneumoniae, whereas in older 
patients Pseudomonas aeruginosa is more frequent [37].

Laboratory Findings
The laboratory findings related to CSR deficiency in AT patients are characterized 
by a frequent reduction in serum IgA and IgG subclass levels. Most patients have 
disturbed naïve B-cell and T-cell homeostasis, as evidenced by low cell numbers, 
increased proliferation, a large proportion CD21lowCD38low anergic B-cells, and 
decreased antigen receptor repertoire diversity [33]. AT patients presenting with an 
early-onset hypogammaglobulinemia have impaired formation of T-cell-dependent 
memory B-cells. Sμ-Sa junctions in patients with AT showed increased micro-
homology, whereas the Sμ-Sγ junctions from these patients have severely reduced 
mutations or insertions, indicating that the predominantly used error-prone NHEJ 
pathway in CSR is impaired in patients with AT [38] and the proportion of CSR to 
the distal IGHG2, IGHG4, and IGHA2 constant regions is reduced [33]. However, 
the frequency of SHM in switched transcripts is not reduced in AT.

Treatment and Prognosis
Ataxia telangiectasia is a chronic, progressive disease, with no curative treatment 
available and with which patients face a high risk of infection, malignancy, and 
neurodegeneration. Median survival is into the mid-twenties, with most deaths due 
to chronic lung disease or malignancy [39]. A multidisciplinary team is best placed 
to consider the multidimensional aspects to supportive care and management of 
these patients. The newborn screening test for severe combined immunodeficiency 
detects T-cell receptor recombination excision circles (TRECs) from infant dried 
blood spots. Infants with T-cell lymphocytopenia and ataxia telangiectasia have 
been identified with the SCID newborn screening test in combination with exome 
sequencing [40]. Early diagnosis enables early family education, genetic counsel-
ing, and early, proactive supportive care.
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Bacterial infections predominantly affect the sino-pulmonary tract and can be 
complicated by neuromuscular incoordination leading to aspiration. There is an 
increased risk of autoimmune or chronic inflammatory disease, including idiopathic 
thrombocytopenia, arthritis, and vitiligo, and likely related to the immunodeficiency 
rather than a direct effect of ATM protein dysfunction. There is a relationship 
between propensity to infection, or to development of lymphoid tumors and breast 
cancer, and severity of the mutation, with null mutations associated with a greater 
risk [41, 42]. For patients with antibody deficiency and evidence of recurrent infec-
tion, immunoglobulin substitution should be initiated, with or without antibiotic 
prophylaxis. There should be careful periodic assessment of oro-pharyngeal coordi-
nation, to assess swallowing and avoid malnutrition and aspiration. Use of thick-
ened feeds may help, and placement of a gastrostomy may be required in cases of 
significant neuromuscular dysfunction. Malignancy is particularly challenging in 
these patients, as tumors are often aggressive, but patients are poorly tolerant of 
highly cytotoxic chemotherapy and of radiotherapy. Investigation of symptoms can 
be demanding, as exposure to irradiation should be minimized, alternative imaging 
modalities are used where possible, and areas not relevant to the diagnosis must be 
protected from exposure to radiation. The role of hematopoietic stem cell transplan-
tation is controversial, and most results indicate a poor outcome [43]. However, 
many of these patients are treated for malignancy, and preemptive hematopoietic 
stem cell transplantation may prevent the development of lympho-reticular malig-
nancy and the need for aggressive conditioning—however, such approaches should 
only be considered as part of an approved clinical study, with the recognition that 
successful treatment is unlikely to halt the neurological deterioration. Potential 
future therapies include the use of antisense morpholino oligonucleotides, to correct 
aberrant splicing and allow translation of normal ATM protein [44], or the use of 
aminoglycosides or small molecules for chemical-induced read through of prema-
ture stop codons in ATM to produce some functional protein [45]. However, these 
treatments are some way off clinical use.

Ataxia telangiectasia carriers have one mutated copy of ATM and are healthy. 
However, they appear to have a reduced lifespan due to breast cancer and gastroin-
testinal tract carcinoma and of ischemic heart disease [46]. Female carriers have a 
2.3-fold increased risk for the development of breast cancer as compared to the 
general population [47], with the cumulative risk of breast cancer of approximately 
6% by age 50 years and approximately 30% by age 80 years [48]. Currently, only 
standard breast cancer surveillance (monthly breast self-exams and routine mam-
mography at the usual schedule for age) is recommended unless there is family 
history of breast cancer.

15.2.3.2  Nijmegen Breakage Syndrome (NBS) (OMIM 251260)

Gene
The NBN (Nibrin) gene encoding the NBS1 protein is located at chromosome loca-
tion 8q21.3. It is a member of the MRE11/RAD50/NBS1 (MRN) complex, which 
acts as a marker of DNA breaks as it has been shown to accumulate in large nuclear 
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foci within minutes after DSB formation [49]. It is activated in response to DSBs 
and keeps the two DNA ends in close proximity [50]. A second function of the 
MRN complex is ATM activation [51]. MRN recruits ATM to DNA breaks, which 
results in dissociation of the ATM dimer enabling ATM activity [52]. Furthermore, 
NBS1 is involved in maintenance of chromosomal integrity, telomere stability, and 
cell-cycle checkpoint control [53].

Clinical Presentation
Nijmegen breakage syndrome (NBS) is a rare autosomal recessive inherited condi-
tion, characterized by microcephaly, dysmorphic “birdlike” face, chromosomal 
instability, immunodeficiency, and predisposition to malignancy [54]. Recurrent 
infections are part of the clinical presentation and are mainly found in the upper 
respiratory tract and lungs but also in the urinary tract. Some patients develop bron-
chiectasis and chronic lung disease. Opportunistic infections are not part of pheno-
type. Autoimmune complications were found in a minority of patients and include 
skin changes, ITP, and AIHA [54].

Laboratory Findings
The immunodeficiency in NBS patients is considerably variable and can affect both 
humoral and cellular immunity. Reduced serum IgG and/or IgA levels are frequently 
observed. Sometimes, a normal level of IgG masks an IgG subclass deficiency. IgM 
concentrations are normal in the majority of cases and sometimes even elevated 
[54]. NBS patients can have reduced B- and T-cell numbers. In the B-cell compart-
ment, especially the numbers of naïve and memory, B-cells are reduced, whereas 
the number of natural effector B lymphocytes is increased [55]. The reduction in the 
number of naïve B-cells can be explained by a loss of juxtaposition of RAG-induced 
breaks during V(D)J recombination in bone marrow [56]. Regarding the T-cell com-
partment, the numbers of αβ + T-cells are reduced, but a number of γT+ cells are 
normal. In addition, T-cells from NBS patients show signs of a senescent phenotype 
[57]. Analysis of the CSR pathway in NBS patients showed that the NBS1 protein 
localizes to chromosomal sites of class switching [58] and that the switch junctions 
show an enhanced presence of microhomology [58, 59].

Treatment and Prognosis
Patients with Nijmegen breakage syndrome are at increased risk of immunodefi-
ciency and malignancy. Overall survival probabilities at 5, 10, 20, and 30 years of age 
were 95, 85, 50, and 35% in one large cohort study [54]. Recurrent infections tend to 
be bacterial, affecting the sino-pulmonary tract, and should be treated with appropri-
ate antibiotics—opportunistic infections are generally not a problem. Patients with 
hypogammaglobulinemia can be treated with immunoglobulin replacement. 
Autoimmunity can be severe and should be treated with appropriate immunosup-
pression—anti-CD20 antibody may be required for life-threatening cytopenias.

Malignancy is a leading cause of death [54, 60]. Patients do not tolerate stan-
dard chemotherapy protocols well, and regimens need to be adapted—however, 
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the malignancies are often aggressive [61]. As for patients with ataxia telangiec-
tasia, radiological examination for investigation of malignancy should be judi-
cious and appropriately directed. Hematopoietic stem cell transplantation may 
have more of a role in the management of these patients [43, 60, 62], with sur-
vival of around 75% when reduced intensity conditioning is used. However, 
whether this approach should be routinely or preemptively offered is yet to be 
determined.

While heterozygote carriers are unaffected, they do have an increased risk of 
malignancy, particularly for breast and prostate carcinoma and melanoma [63–65], 
although there is no consensus on screening for these individuals.

15.2.3.3  DNA Ligase 4 (OMIM 606593) and Cernunnos  
(OMIM 611291)

Gene
LIG4 located on 13q33.3 encodes the Ligase 4, which is involved the final ligation 
step of the non-homologous end-joining pathway. The protein forms a complex 
with XRCC4. NHEJ1 gene (non-homologous end-joining factor 1) also called 
Cernunnos or XLF (XRCC4-like factor) is located on 2q35. The XLF protein can 
form a stable complex with XRCC4 where it can bridge DNA ends with its filamen-
tous structure [66]. It binds to DNA and stimulates the XRCC4/ligase IV activity 
[67]. XRCC4 and Cernunnos are both part of the classical NHEJ pathway, which is 
primary mechanism for CSR [5]. XRCC4-deficient patients have impaired CSR, 
however, no clinical signs of immunodeficiency [68–70].

Clinical Presentation
LIG4 deficiency can present with a spectrum of clinical conditions ranging from 
radiosensitive leukemia [71], radiosensitive T-B-SCID [72] to the LIG4 syndrome 
characterized by microcephaly and growth retardation [73] and primordial dwarf-
ism [74, 75]. Cernunnos deficiency presents similarly as the LIG4 syndrome with 
combined immunodeficiency and growth retardation [76]. All patients have recur-
rent respiratory tract infections caused by Pneumocystis jirovecii, CMV, and bacte-
ria [77].

Laboratory Findings
LIG4- and Cernunnos-deficient patients have reduced numbers of peripheral B- and 
T-cells in combination with a normal number of NK cells. The number of B- and 
T-cells is dependent on the severity of the mutation. The number of switched mem-
ory B-cells is reduced in patients with LIG4 syndrome, and the Sμ-Sα junctions 
show dramatic shift in using long microhomologies, suggesting an impaired NHEJ 
during CSR [78]. The Sμ-Sγ junctions however show an increased frequency of 
insertions but no increase in microhomology [78]. In Cernunnos deficiency, CSR is 
also affected, and the junctions show similarities with the junctions of LIG4 syn-
drome patients [79].
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Treatment and Prognosis
There are few patients described with deficiency of Cernunnos, and the phenotype 
is similar to that of patients with DNA ligase 4 syndrome; therefore, treatment and 
prognosis will be considered jointly. For patients presenting with a severe combined 
immunodeficiency phenotype, hematopoietic stem cell transplantation should be 
performed, with best results obtained when reduced intensity conditioning regimens 
are employed, without radiotherapy [43]. Long-term follow-up of these patients 
will be required to monitor for late-occurring complications given the systemic 
nature of the defect, which is uncorrected by transplantation. For patients with less 
severe immunodeficiencies, treatment with immunoglobulin replacement is recom-
mended, with antibiotic prophylaxis as appropriate. Unfortunately, despite this, 
there is a high risk of malignancy [80]. The role of preemptive hematopoietic stem 
cell transplantation is yet to be determined.

15.2.3.4  PMS2, MHL1, MSH2, and MHS6 and Deficiency  
(OMIM 276300)

Genes
PMS2 (postmeiotic segregation increased, S cerevisiae 2) also called mismatch 
repair gene PMSL2 is located on 7p22.1 and is a protein required for mismatch 
repair. MLH1 (MutL homolog 1) is located on 3p22.2. PMS2 and MHL1 can het-
erodimerize to form MutL alpha, part of the DNA mismatch repair (MMR) system. 
The exact role of PMS2-MHL1 in CSR remains unclear; however, it has been shown 
to play a role in inducing DNA double-strand breaks. The other MMR component 
is MutS homolog consisting of MSH2–6. MutS homology 2 gene (MSH2) is located 
on 2p21 and forms a complex with MSH6 (2p16.3), which binds AID-induced mis-
matches in the absence of UNG.

Clinical Presentation
Autosomal recessive mutations in PMS2, MHL1, MSH2, and MHS6 are found in 
patients with constitutional mismatch repair deficiency syndromes (CMMRD). 
CMMRD is a rare pediatric autosomal recessive childhood cancer predisposition 
syndrome with four main tumor types: hematologic malignancies, brain/central ner-
vous system tumors, colorectal tumors and multiple intestinal polyps, and other 
malignancies including embryonic tumors and rhabdomyosarcoma. Heterozygous 
germline mutations in MLH1, MSH2, MSH6, and PMS2 cause Lynch syndrome 
(LS), an autosomal dominant cancer syndrome associated with hereditary nonpol-
yposis colorectal cancer (HNPCC), endometrium carcinoma, and other malignan-
cies, occurring on average in the fourth and fifth decades of life.

Many CMMRD patients show signs reminiscent of neurofibromatosis type I, 
particularly multiple cafe-au-lait macules. It remains unclear whether IgA and/or 
IgG deficiency is a common feature of CMMRD, because severe bacterial infec-
tions do not occur at high frequencies. However, in PMS2 deficiency, defective 
PMS2 has been shown to be associated with impaired CSR [81]. In these patients 
CSR was found partially defective in vivo resulting in reduced serum Ig and reduced 
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numbers of memory B-cells. The SHM frequency was also found to be reduced. The 
CSR defect is characterized by defective occurrence of double-strand DNA breaks 
(DSBs) in switch regions and abnormal formation of switch junctions. No detailed 
immunological laboratory information is available for CMMRD patients.

Treatment and Prognosis
While recurrent bacterial infection may lead to the institution of immunoglobulin 
replacement therapy, the major issue for these patients is development of malig-
nancy in early childhood, predominantly hematological malignancies, brain tumors, 
or early-onset gastrointestinal tumors [82]. T-cell lymphomas are usually the first 
tumors to present, but patients are likely to develop additional tumors. Treatment 
should be directed at specific tumors, but the prognosis is poor, with few patients 
reaching adulthood.

References

 1. Shlomchik MJ, Weisel F. Germinal center selection and the development of memory B and 
plasma cells. Immunol Rev. 2012;247(1):52–63.

 2. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2012;30:429–57.
 3. Hwang JK, Alt FW, Yeap LS. Related mechanisms of antibody somatic hypermutation and 

class switch recombination. Microbiol Spectr. 2015;3(1):MDNA3-0037-2014.
 4. Dunnick W, Hertz GZ, Scappino L, Gritzmacher C. DNA sequences at immunoglobulin switch 

region recombination sites. Nucleic Acids Res. 1993;21(3):365–72.
 5. Stavnezer J, Bjorkman A, Du L, Cagigi A, Pan-Hammarstrom Q. Mapping of switch recom-

bination junctions, a tool for studying DNA repair pathways during immunoglobulin class 
switching. Adv Immunol. 2010;108:45–109.

 6. Qamar N, Fuleihan RL.  The hyper IgM syndromes. Clin Rev Allergy Immunol. 
2014;46(2):120–30.

 7. Min IM, Selsing E. Antibody class switch recombination: roles for switch sequences and mis-
match repair proteins. Adv Immunol. 2005;87:297–328.

 8. Jesus AA, Duarte AJ, Oliveira JB. Autoimmunity in hyper-IgM syndrome. J Clin Immunol. 
2008;28(Suppl 1):S62–6.

 9. Berkowska MA, Driessen GJ, Bikos V, Grosserichter-Wagener C, Stamatopoulos K, Cerutti 
A, et al. Human memory B cells originate from three distinct germinal center-dependent and 
-independent maturation pathways. Blood. 2011;118(8):2150–8.

 10. Winkelstein JA, Marino MC, Ochs H, Fuleihan R, Scholl PR, Geha R, et al. The X-linked 
hyper-IgM syndrome: clinical and immunologic features of 79 patients. Medicine (Baltimore). 
2003;82(6):373–84.

 11. Banatvala N, Davies J, Kanariou M, Strobel S, Levinsky R, Morgan G. Hypogammaglobulinaemia 
associated with normal or increased IgM (the hyper IgM syndrome): a case series review. Arch Dis 
Child. 1994;71(2):150–2.

 12. Cabral-Marques O, Klaver S, Schimke LF, Ascendino EH, Khan TA, Pereira PV, et al. First report 
of the Hyper-IgM syndrome Registry of the Latin American Society for Immunodeficiencies: 
novel mutations, unique infections, and outcomes. J Clin Immunol. 2014;34(2):146–56.

 13. Madkaikar M, Gupta M, Chavan S, Italia K, Desai M, Merchant R, et al. X-linked hyper IgM 
syndrome: clinical, immunological and molecular features in patients from India. Blood Cells 
Mol Dis. 2014;53(3):99–104.

 14. de la Morena MT.  Clinical phenotypes of hyper-IgM syndromes. J Allergy Clin Immunol 
Pract. 2016;4(6):1023–36.

15 Class-Switch Recombination Defects



196

 15. Ferrua F, Courteille V, Janda A, Slatter M, Albert MH, Al-Mousa H. Haematopoietic stem cell 
transplantation for CD40 ligand deficiency: results from an EBMT Inborn Errors Working 
Party (IEWP) study. Bone Marrow Transplant. 2015;50(Suppl 1):S45–S6.

 16. Hadzic N, Pagliuca A, Rela M, Portmann B, Jones A, Veys P, et al. Correction of the hyper-IgM 
syndrome after liver and bone marrow transplantation. N Engl J Med. 2000;342(5):320–4.

 17. Brown MP, Topham DJ, Sangster MY, Zhao J, Flynn KJ, Surman SL, et al. Thymic lympho-
proliferative disease after successful correction of CD40 ligand deficiency by gene transfer in 
mice. Nat Med. 1998;4(11):1253–60.

 18. Hubbard N, Hagin D, Sommer K, Song Y, Khan I, Clough C, et al. Targeted gene editing restores 
regulated CD40L function in X-linked hyper-IgM syndrome. Blood. 2016;127(21):2513–22.

 19. Courtois G, Israel A. NF-kappa B defects in humans: the NEMO/incontinentia pigmenti con-
nection. Sci STKE. 2000;2000(58):pe1.

 20. Doffinger R, Smahi A, Bessia C, Geissmann F, Feinberg J, Durandy A, et al. X-linked anhi-
drotic ectodermal dysplasia with immunodeficiency is caused by impaired NF-kappaB signal-
ing. Nat Genet. 2001;27(3):277–85.

 21. Hanson EP, Monaco-Shawver L, Solt LA, Madge LA, Banerjee PP, May MJ, et al. Hypomorphic 
nuclear factor-kappaB essential modulator mutation database and reconstitution system identi-
fies phenotypic and immunologic diversity. J Allergy Clin Immunol. 2008;122(6):1169–77. 
e16

 22. Picard C, Casanova JL, Puel A. Infectious diseases in patients with IRAK-4, MyD88, NEMO, 
or IkappaBalpha deficiency. Clin Microbiol Rev. 2011;24(3):490–7.

 23. Frans G, van der Werff Ten Bosch J, Moens L, Gijsbers R, Changi-Ashtiani M, Rokni-Zadeh 
H, et  al. Functional evaluation of an IKBKG variant suspected to cause immunodeficiency 
without ectodermal dysplasia. J Clin Immunol. 2017;37(8):801–10.

 24. Miot C, Imai K, Imai C, Mancini AJ, Kucuk ZY, Kawai T, et  al. Hematopoietic stem cell 
transplantation in 29 patients hemizygous for hypomorphic IKBKG/NEMO mutations. Blood. 
2017;130(12):1456–67.

 25. Pai SY, Levy O, Jabara HH, Glickman JN, Stoler-Barak L, Sachs J, et al. Allogeneic trans-
plantation successfully corrects immune defects, but not susceptibility to colitis, in a 
patient with nuclear factor-kappaB essential modulator deficiency. J Allergy Clin Immunol. 
2008;122(6):1113–8. e1

 26. Revy P, Muto T, Levy Y, Geissmann F, Plebani A, Sanal O, et al. Activation-induced cytidine 
deaminase (AID) deficiency causes the autosomal recessive form of the Hyper-IgM syndrome 
(HIGM2). Cell. 2000;102(5):565–75.

 27. Kavli B, Andersen S, Otterlei M, Liabakk NB, Imai K, Fischer A, et al. B cells from hyper-IgM 
patients carrying UNG mutations lack ability to remove uracil from ssDNA and have elevated 
genomic uracil. J Exp Med. 2005;201(12):2011–21.

 28. Imai K, Slupphaug G, Lee WI, Revy P, Nonoyama S, Catalan N, et al. Human uracil-DNA 
glycosylase deficiency associated with profoundly impaired immunoglobulin class-switch 
recombination. Nat Immunol. 2003;4(10):1023–8.

 29. Hase K, Takahashi D, Ebisawa M, Kawano S, Itoh K, Ohno H. Activation-induced cytidine 
deaminase deficiency causes organ-specific autoimmune disease. PLoS One. 2008;3(8):e3033.

 30. Bakkenist CJ, Kastan MB.  DNA damage activates ATM through intermolecular autophos-
phorylation and dimer dissociation. Nature. 2003;421(6922):499–506.

 31. Downs JA, Nussenzweig MC, Nussenzweig A. Chromatin dynamics and the preservation of 
genetic information. Nature. 2007;447(7147):951–8.

 32. Guikema JE, Schrader CE, Brodsky MH, Linehan EK, Richards A, El Falaky N, et al. p53 
represses class switch recombination to IgG2a through its antioxidant function. J Immunol. 
2010;184(11):6177–87.

 33. Driessen GJ, Ijspeert H, Weemaes CM, Haraldsson A, Trip M, Warris A, et al. Antibody defi-
ciency in patients with ataxia telangiectasia is caused by disturbed B- and T-cell homeostasis 
and reduced immune repertoire diversity. J Allergy Clin Immunol. 2013;131(5):1367–75. e9

 34. Swift M, Morrell D, Massey RB, Chase CL. Incidence of cancer in 161 families affected by 
ataxia-telangiectasia. N Engl J Med. 1991;325(26):1831–6.

M. van der Burg et al.



197

 35. Noordzij JG, Wulffraat NM, Haraldsson A, Meyts I, van't Veer LJ, Hogervorst FB, et al. Ataxia-
telangiectasia patients presenting with hyper-IgM syndrome. Arch Dis Child. 2009;94(6):448–9.

 36. Mohammadinejad P, Abolhassani H, Aghamohammadi A, Pourhamdi S, Ghosh S, Sadeghi B, 
et al. Class switch recombination process in ataxia telangiectasia patients with elevated serum 
levels of IgM. J Immunoassay Immunochem. 2015;36(1):16–26.

 37. Schroeder SA, Zielen S.  Infections of the respiratory system in patients with ataxia- 
telangiectasia. Pediatr Pulmonol. 2014;49(4):389–99.

 38. Pan Q, Petit-Frere C, Lahdesmaki A, Gregorek H, Chrzanowska KH, Hammarstrom 
L. Alternative end joining during switch recombination in patients with ataxia-telangiectasia. 
Eur J Immunol. 2002;32(5):1300–8.

 39. Crawford TO, Skolasky RL, Fernandez R, Rosquist KJ, Lederman HM. Survival probability in 
ataxia telangiectasia. Arch Dis Child. 2006;91(7):610–1.

 40. Mallott J, Kwan A, Church J, Gonzalez-Espinosa D, Lorey F, Tang LF, et al. Newborn screen-
ing for SCID identifies patients with ataxia telangiectasia. J Clin Immunol. 2013;33(3):540–9.

 41. Staples ER, McDermott EM, Reiman A, Byrd PJ, Ritchie S, Taylor AM, et al. Immunodeficiency 
in ataxia telangiectasia is correlated strongly with the presence of two null mutations in the 
ataxia telangiectasia mutated gene. Clin Exp Immunol. 2008;153(2):214–20.

 42. Reiman A, Srinivasan V, Barone G, Last JI, Wootton LL, Davies EG, et al. Lymphoid tumours 
and breast cancer in ataxia telangiectasia; substantial protective effect of residual ATM kinase 
activity against childhood tumours. Br J Cancer. 2011;105(4):586–91.

 43. Slack J, Albert MH, Balashov D, Belohradsky BH, Bertaina A, Bleesing J, et al. Outcome of 
hematopoietic cell transplantation for DNA double-strand break repair disorders. J Allergy 
Clin Immunol. 2018;141(1):322–8. e10

 44. Du L, Pollard JM, Gatti RA.  Correction of prototypic ATM splicing mutations and aber-
rant ATM function with antisense morpholino oligonucleotides. Proc Natl Acad Sci U S A. 
2007;104(14):6007–12.

 45. Du L, Jung ME, Damoiseaux R, Completo G, Fike F, Ku JM, et al. A new series of small 
molecular weight compounds induce read through of all three types of nonsense mutations in 
the ATM gene. Mol Ther. 2013;21(9):1653–60.

 46. van Os NJ, Roeleveld N, Weemaes CM, Jongmans MC, Janssens GO, Taylor AM, et al. Health 
risks for ataxia-telangiectasia mutated heterozygotes: a systematic review, meta-analysis and 
evidence-based guideline. Clin Genet. 2016;90(2):105–17.

 47. Renwick A, Thompson D, Seal S, Kelly P, Chagtai T, Ahmed M, et al. ATM mutations that cause 
ataxia-telangiectasia are breast cancer susceptibility alleles. Nat Genet. 2006;38(8):873–5.

 48. Marabelli M, Cheng SC, Parmigiani G. Penetrance of ATM gene mutations in breast cancer: a 
meta-analysis of different measures of risk. Genet Epidemiol. 2016;40(5):425–31.

 49. Maser RS, Monsen KJ, Nelms BE, Petrini JH. hMre11 and hRad50 nuclear foci are 
induced during the normal cellular response to DNA double-strand breaks. Mol Cell Biol. 
1997;17(10):6087–96.

 50. Hopfner KP, Craig L, Moncalian G, Zinkel RA, Usui T, Owen BA, et al. The Rad50 zinc- 
hook is a structure joining Mre11 complexes in DNA recombination and repair. Nature. 
2002;418(6897):562–6.

 51. Zhou J, Lim CU, Li JJ, Cai L, Zhang Y. The role of NBS1 in the modulation of PIKK family pro-
teins ATM and ATR in the cellular response to DNA damage. Cancer Lett. 2006;243(1):9–15.

 52. Lee JH, Paull TT. ATM activation by DNA double-strand breaks through the Mre11-Rad50- 
Nbs1 complex. Science. 2005;308(5721):551–4.

 53. Zhang Y, Zhou J, Lim CU. The role of NBS1 in DNA double strand break repair, telomere 
stability, and cell cycle checkpoint control. Cell Res. 2006;16(1):45–54.

 54. Wolska-Kusnierz B, Gregorek H, Chrzanowska K, Piatosa B, Pietrucha B, Heropolitanska- 
Pliszka E, et al. Nijmegen breakage syndrome: clinical and immunological features, long-term 
outcome and treatment options—a retrospective analysis. J Clin Immunol. 2015;35(6):538–49.

 55. Piatosa B, van der Burg M, Siewiera K, Pac M, van Dongen JJ, Langerak AW, et al. The defect 
in humoral immunity in patients with Nijmegen breakage syndrome is explained by defects in 
peripheral B lymphocyte maturation. Cytometry A. 2012;81(10):835–42.

15 Class-Switch Recombination Defects



198

 56. van der Burg M, Pac M, Berkowska MA, Goryluk-Kozakiewicz B, Wakulinska A, 
Dembowska-Baginska B, et  al. Loss of juxtaposition of RAG-induced immunoglobulin 
DNA ends is implicated in the precursor B-cell differentiation defect in NBS patients. Blood. 
2010;115(23):4770–7.

 57. Meijers RW, Dzierzanowska-Fangrat K, Zborowska M, Solarska I, Tielemans D, van Turnhout 
BA, et al. Circulating T cells of patients with Nijmegen breakage syndrome show signs of 
senescence. J Clin Immunol. 2017;37(2):133–42.

 58. Kracker S, Bergmann Y, Demuth I, Frappart PO, Hildebrand G, Christine R, et al. Nibrin func-
tions in Ig class-switch recombination. Proc Natl Acad Sci U S A. 2005;102(5):1584–9.

 59. Lahdesmaki A, Taylor AM, Chrzanowska KH, Pan-Hammarstrom Q. Delineation of the role 
of the Mre11 complex in class switch recombination. J Biol Chem. 2004;279(16):16479–87.

 60. Deripapa E, Balashov D, Rodina Y, Laberko A, Myakova N, Davydova NV, et al. Prospective 
Study of a Cohort of Russian Nijmegen breakage syndrome patients demonstrating predictive 
value of low kappa-deleting recombination excision circle (KREC) numbers and beneficial 
effect of hematopoietic stem cell transplantation (HSCT). Front Immunol. 2017;8:807.

 61. Pastorczak A, Szczepanski T, Mlynarski W.  International Berlin-Frankfurt-Munster 
ALLhgvwg. Clinical course and therapeutic implications for lymphoid malignancies in 
Nijmegen breakage syndrome. Eur J Med Genet. 2016;59(3):126–32.

 62. Albert MH, Gennery AR, Greil J, Cale CM, Kalwak K, Kondratenko I, et al. Successful SCT 
for Nijmegen breakage syndrome. Bone Marrow Transplant. 2010;45(4):622–6.

 63. Seemanova E, Jarolim P, Seeman P, Varon R, Digweed M, Swift M, et al. Cancer risk of het-
erozygotes with the NBN founder mutation. J Natl Cancer Inst. 2007;99(24):1875–80.

 64. Cybulski C, Gorski B, Debniak T, Gliniewicz B, Mierzejewski M, Masojc B, et al. NBS1 is a 
prostate cancer susceptibility gene. Cancer Res. 2004;64(4):1215–9.

 65. Steffen J, Varon R, Mosor M, Maneva G, Maurer M, Stumm M, et al. Increased cancer risk of 
heterozygotes with NBS1 germline mutations in Poland. Int J Cancer. 2004;111(1):67–71.

 66. Lescale C, Abramowski V, Bedora-Faure M, Murigneux V, Vera G, Roth DB, et  al. RAG2 
and XLF/Cernunnos interplay reveals a novel role for the RAG complex in DNA repair. Nat 
Commun. 2016;7:10529.

 67. Hammel M, Rey M, Yu Y, Mani RS, Classen S, Liu M, et al. XRCC4 protein interactions with 
XRCC4-like factor (XLF) create an extended grooved scaffold for DNA ligation and double 
strand break repair. J Biol Chem. 2011;286(37):32638–50.

 68. Soulas-Sprauel P, Le Guyader G, Rivera-Munoz P, Abramowski V, Olivier-Martin C, Goujet- 
Zalc C, et al. Role for DNA repair factor XRCC4 in immunoglobulin class switch recombina-
tion. J Exp Med. 2007;204(7):1717–27.

 69. Murray JE, van der Burg M, IJspeert H, Carroll P, Wu Q, Ochi T, et al. Mutations in the NHEJ 
component XRCC4 cause primordial dwarfism. Am J Hum Genet. 2015;96(3):412–24.

 70. Guo C, Nakazawa Y, Woodbine L, Bjorkman A, Shimada M, Fawcett H, et al. XRCC4 defi-
ciency in human subjects causes a marked neurological phenotype but no overt immunodefi-
ciency. J Allergy Clin Immunol. 2015;136(4):1007–17.

 71. Riballo E, Critchlow SE, Teo SH, Doherty AJ, Priestley A, Broughton B, et al. Identification of a 
defect in DNA ligase IV in a radiosensitive leukaemia patient. Curr Biol. 1999;9(13):699–702.

 72. van der Burg M, van Veelen LR, Verkaik NS, Wiegant WW, Hartwig NG, Barendregt BH, et al. 
A new type of radiosensitive T-B-NK+ severe combined immunodeficiency caused by a LIG4 
mutation. J Clin Invest. 2006;116(1):137–45.

 73. O'Driscoll M, Cerosaletti KM, Girard PM, Dai Y, Stumm M, Kysela B, et al. DNA ligase IV 
mutations identified in patients exhibiting developmental delay and immunodeficiency. Mol 
Cell. 2001;8(6):1175–85.

 74. IJspeert H, Warris A, van der Flier M, Reisli I, Keles S, Chishimba S, et al. Clinical spectrum 
of LIG4 deficiency is broadened with severe dysmaturity, primordial dwarfism, and neurologi-
cal abnormalities. Hum Mutat. 2013;34(12):1611–4.

 75. Murray JE, Bicknell LS, Yigit G, Duker AL, van Kogelenberg M, Haghayegh S, et al. Extreme 
growth failure is a common presentation of ligase IV deficiency. Hum Mutat. 2014;35(1):76–85.

M. van der Burg et al.



199

 76. Buck D, Malivert L, de Chasseval R, Barraud A, Fondaneche MC, Sanal O, et al. Cernunnos, a 
novel nonhomologous end-joining factor, is mutated in human immunodeficiency with micro-
cephaly. Cell. 2006;124(2):287–99.

 77. IJspeert H, Rozmus J, Schwarz K, Warren RL, van Zessen D, Holt RA, et  al. XLF defi-
ciency results in reduced N-nucleotide addition during V(D)J recombination. Blood. 
2016;128(5):650–9.

 78. Pan-Hammarstrom Q, Jones AM, Lahdesmaki A, Zhou W, Gatti RA, Hammarstrom L, et al. 
Impact of DNA ligase IV on nonhomologous end joining pathways during class switch recom-
bination in human cells. J Exp Med. 2005;201(2):189–94.

 79. Du L, Peng R, Bjorkman A, Filipe de Miranda N, Rosner C, Kotnis A, et al. Cernunnos influ-
ences human immunoglobulin class switch recombination and may be associated with B cell 
lymphomagenesis. J Exp Med. 2012;209(2):291–305.

 80. Bacon CM, Wilkinson SJ, Spickett GP, Barge D, Lucraft HH, Jackson G, et al. Epstein-Barr 
virus-independent diffuse large B-cell lymphoma in DNA ligase 4 deficiency. J Allergy Clin 
Immunol. 2013;131(4):1237–9, 9 e1

 81. Peron S, Metin A, Gardes P, Alyanakian MA, Sheridan E, Kratz CP, et al. Human PMS2 defi-
ciency is associated with impaired immunoglobulin class switch recombination. J Exp Med. 
2008;205(11):2465–72.

 82. Wimmer K, Kratz CP. Constitutional mismatch repair-deficiency syndrome. Haematologica. 
2010;95(5):699–701.

15 Class-Switch Recombination Defects


	15: Class-Switch Recombination Defects
	15.1	 Introduction: Basic Immunology Section Including CSR Mechanism
	15.1.1	 Germinal Center Reaction
	15.1.2	 SHM and CSR at the Molecular Level
	15.1.2.1 Somatic Hypermutation (SHM)
	15.1.2.2 Class-Switch Recombination (CSR)


	15.2	 CSR Deficiencies
	15.2.1	 Defects in T-B Interaction
	15.2.1.1 CD40L Deficiency (OMIM 308230) and CD40 Deficiency (OMIM 606843)
	Genes
	Clinical Presentation
	Laboratory Results
	Treatment and Prognosis

	15.2.1.2 NEMO Deficiency (OMIM 300248)
	Gene
	Clinical Presentation
	Laboratory Findings
	Treatment and Prognosis


	15.2.2	 Intrinsic B-Cell Defects
	15.2.2.1 AID Deficiency (OMIM 605258)
	Gene
	Clinical Presentation
	Laboratory Findings

	15.2.2.2 UNG Deficiency (OMIM 608106)
	Gene
	Clinical Presentation and Laboratory Findings
	Treatment and Prognosis AID and UNG Deficiencies


	15.2.3	 DNA Repair Defects
	15.2.3.1 Ataxia Telangiectasia (OMIM 208900)
	Gene
	Clinical Presentation
	Laboratory Findings
	Treatment and Prognosis

	15.2.3.2 Nijmegen Breakage Syndrome (NBS) (OMIM 251260)
	Gene
	Clinical Presentation
	Laboratory Findings
	Treatment and Prognosis

	15.2.3.3 DNA Ligase 4 (OMIM 606593) and Cernunnos (OMIM 611291)
	Gene
	Clinical Presentation
	Laboratory Findings
	Treatment and Prognosis

	15.2.3.4 PMS2, MHL1, MSH2, and MHS6 and Deficiency (OMIM 276300)
	Genes
	Clinical Presentation
	Treatment and Prognosis



	References




