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with a B lymphocyte-intrinsic
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Hyper-IgM syndrome (HIGM) is a heterogeneous condition characterized by impaired Ig class-switch
recombination (CSR). The molecular defects that have so far been associated with this syndrome —
which affect the CD40 ligand in HIGM type 1 (HIGM1), CD40 in HIGM3, and activation-induced
cytidine deaminase (AID) in HIGM2 — do not account for all cases. We investigated the clinical and
immunological characteristics of 15 patients with an unidentified form of HIGM. Although the clin-
ical manifestations were similar to those observed in HIGM2, these patients exhibited a slightly
milder HIGM syndrome with residual IgG production. We found that B cell CSR was intrinsically
impaired. However, the generation of somatic hypermutations was observed in the variable region of
the Ig heavy chain gene, as in control B lymphocytes. In vitro studies showed that the molecular defect
responsible for this new HIGM entity (HIGM4) occurs downstream of the AID activity, as the AID
gene was induced normally and AID-induced DNA double-strand breaks in the switch | region of
the Ig heavy chain locus were detected during CSR as normal. Thus, HIGM4 is probably the conse-
quence of a selective defect either in a CSR-specific factor of the DNA repair machinery or in survival
signals delivered to switched B cells.
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Hyper-IgM syndrome (HIGM) is a primary immunod-
eficiency disease, characterized by normal or elevated
serum IgM levels associated with low or absent IgG,
IgA, and IgE serum levels, indicating a defect in the
class-switch recombination (CSR) process (1). It is a
heterogeneous condition, as several molecular defects
result in HIGM. The X-linked form, HIGM type 1
(HIGM1), is caused by mutations in the gene that
encodes the CD40 ligand (CD40L, CD154) (2-5). A
deficiency in the CD40L receptor (CD40) results in
HIGM3 (6). CD40L is expressed on activated Th cells,
and its interaction with CD40, which is constitutively
expressed on B cells, is required for B cell terminal dif-
ferentiation within the germinal centers of secondary
lymphoid organs. CD40 is also expressed by monocytes
and dendritic cells, and the CD40/CD40L interaction
is involved in T cell responses (7). Patients with CD40L

The Journal of Clinical Investigation |

July2003 |

Volume 112 | Number 1



or CDA40 deficiency are thus susceptible to bacterial
infections, as are patients affected with other severe B
cell deficiencies, and they are also vulnerable to some
opportunistic infections (8). Another form of X-linked
HIGM, associated with anhydrotic ectodermal dyspla-
sia, is caused by missense mutations in the gene encod-
ing the NF-kB essential modulator (NEMO, or IKKY),
which is required, as in several other transduction path-
ways, for the CD40-induced activation of the tran-
scription factor NF-xB (9, 10).

A B cell-specific defect that causes susceptibility only
to bacterial pathogens has been found in other HIGM
conditions (11). One subset, characterized by autoso-
mal recessive transmission (HIGM2), is related to
mutations in the gene that encodes the activation-
induced cytidine deaminase (AID), which is selectively
expressed in germinal center B cells (12). The AID
defect leads not only to profoundly impaired CSR but
also to the defective generation of somatic hypermuta-
tions (SHMs) in the Ig variable-region genes, resulting
in overall defective antibody-affinity maturation. This
finding, together with the HIGM phenotype of AID/~
mice, helps to elucidate the molecular mechanism
involved in the secondary genetic rearrangements that
occur in B cells within germinal centers (13).

Nonetheless, a fraction of patients affected with a
CD40L*CD40* form of HIGM do not carry mutations
in the AID gene. This new entity, HIGM4, is described
herein. HIGM4 patients exhibit a slightly milder HIGM
syndrome than HIGM2 patients. One difference
between HIGM4 and HIGM2 is that SHMs are gener-
ated as normal in the former but not in the latter. The
molecular defect, although yet undefined, must occur
downstream of the AID-dependent CSR-induced DNA
breaks, which occur as normal in HIGM4 B cells in the
switch region of the IgM heavy chain locus. Thus,
HIGM4 may be caused by either a CSR-specific DNA
repair abnormality or a defect in survival signals for
switched B cells.

Methods

Patient selection and data collection. Between December
1999 and September 2002, we recruited 103 HIGM
patients with normal expression and sequence of
CD40L and normal expression of CD40 and without
any abnormality suggesting anhidrotic ectodermal dys-
plasia. Thirty-nine patients (34%) had HIGM2 with AID
gene mutation. Peripheral blood samples were available
for only 38 out of 64 patients. Patients with low periph-
eral blood B cell counts (<1%) (» = 8), patients with
CD40- and B cell receptor-activation defect (n = 8) or
with associated T cell-activation defect (n = 7) were
excluded from this study. Thus we report herein data
from 15 patients from 14 different families. Informed
consent was obtained from patients or their parents.
Clinical course and laboratory data were retrospective-
ly reviewed by a questionnaire sent to all referring physi-
cians. Information was collected on family history, age
at disease onset, diagnosis of HIGM, intravenous Ig

(IVIG) treatment initiation, clinical features before and
after diagnosis, serum Ig levels at diagnosis, therapeutic
features, and clinical status at last follow-up.

B cell activation and in vitro CSR. B cell activation and in
vitro CSR were performed as described previously (12,
14). We used a combination of soluble CD40L (sCD40L)
and recombinant interleukin-4 (rIL-4), which strongly
induces B cell proliferation and CSR toward IgE. Periph-
eral blood B cells from healthy adult volunteers or age-
matched children (after parents’ consent) were studied
as controls. PBMCs were separated by the Ficoll-
Hypaque density centrifugation method (Lymphoprep;
Axis-Shield PoC AS, Oslo, Norway) and then activated
for 5 days with sCD40L (500 ng/ml; a kind gift from
Immunex, Seattle, Washington, USA) and rIL-4 (100
U/ml; R&D Systems Inc., Minneapolis, Minnesota,
USA). Proliferation was assessed by measurement of the
uptake of [*H]thymidine. CSR toward IgE and IgG was
assessed after 12 days of culture in the presence of
sCD40L+rIL-4 by an ELISA technique (12).

Detection of RNA transcripts in activated B cells. RNA was
extracted from B cells that had been incubated in the
presence of sCD40L+rIL-4 for 5 days by use of the Tri-
zol reagent (Invitrogen BV, Groningen, The Nether-
lands). cDNA was produced using reverse transcriptase
(SuperScript IT; Invitrogen BV) with an oligo-dT primer
(Invitrogen BV) according to the manufacturer’s
instructions. RNA transcripts of CD19, AID genes and
IgE gene germ-line (eGLTs), circle (eCTs), and func-
tional (eFTs) transcripts, and IgG gene functional tran-
scripts (YFTs) were detected by RT-PCR as previously
described (11, 13). Serial dilutions of cDNA (1:1 up to
1:1,000) were performed for titration of the GLTE tran-
script amounts in HIGM4 patients and controls.

Detection of DNA double-strand breaks in the switch region
of the WL beavy chain. A ligation-mediated PCR (LM-PCR)
method was used to identify double-strand breaks
(DSBs) in genomic DNA extracted in agarose plugs
from activated B cells after FACS sorting, as previously
described (14). Briefly, B cells that had been activated by
incubation in sCD40L+rIL-4 for S days were stained
with FITC-conjugated anti-CD19 mAb’s (Immunotech,
Marseilles, France). The cells were then sorted in the
presence of propidium iodide (PI), which stains dead
cells (Sigma-Aldrich, Taufkirchen, Germany), using a
FACStarPLUS cell sorter (Becton Dickinson and Co.,
Franklin Lakes New Jersey, USA). Sorted, viable, acti-
vated B cells (CD19*PI') were more than 94% pure. T
cells activated with anti-CD3 mADb and recombinant
interleukin-2 (rIL-2) for 7 days were used as a negative
control. DSBs were then detected by LM-PCR (14).
Briefly, two oligonucleotides (Bwl: 5’-GCGGTGACC-
CGGGAGATCTGAATTC-3"; and Bw2: 5’-GAATTCAGATC-
3’) were allowed to form duplexes and thus to generate
a double-stranded blunt-end linker (15). T4-DNA ligase
(Promega Corp., Madison, Wisconsin, USA) was used to
ligate DNA to the linker. Specific amplification was
achieved for genomic DNA isolated from sorted viable
cells (corresponding to 2 x 103, 5 x 103, and 25 X 103
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Table 1
Clinical manifestations of patients with HIGM4

Number of patients 15

Mean age at diagnosis (range)
Mean age at present (range)

8.8 yr(0.3-23 yr)
18.7 yr (2-32 yr)

Infections
Recurrent upper respiratory infections 15
Recurrent lower respiratory infections 14
Bronchiectasis 1
Recurrent gastrointestinal infections 3
Sepsis 1
Osteomyelitis (right radius) 1
Cervical lymphadenitis 1
Lymphoid organ hyperplasia 7
Spleen 4
Liver 1
Tonsil 2
Lymph nodes 4
Malignancy 0
Autoimmune manifestations 4
Autoimmune hemolytic anemia 4
Immune thrombocytopenia 3
Arthritis 1
Anterior uveitis 1
Associated features 2
Myelodysplasia 1
Epilepsy plus developmental delay 1

138

cells per lane) using a semi-nested PCR, with the Bw1
primer and two primers in the switch region of the u
heavy chain (Sp region) (Spext: 5-ATGGAAGCCAGC-
CTGGCTGT-3"; and Suint: 5-AGCCTGGCTGTGCAG-
GAACC-3') (see Figure 4a). Twenty-five cycles of first
PCR (94°C for 1 minute, 64°C for 1 minute, and 72°C
for 2 minutes) were performed. One-tenth of the first
PCR product was added to the reaction of second PCR,
and 30 cycles of PCR (94°C for 1 minute, 67°C for 1
minute, and 72°C for 2 minutes) were performed (15).
LM-PCR products were separated on 2% agarose gels,
vacuum-transferred with 0.4N NaOH onto GeneScreen
Plus membranes (Perkin-Elmer Life Sciences Inc.,
Boston, Massachusetts, USA), and hybridized to a gene-
specific oligonucleotide probe labeled with 32Py-ATP
(Amersham Biosciences AB, Uppsala, Sweden) and rec-
ognizing the Su region (S probe: 5-TCAGAAATG-
GACTCAGATGG-3') (see Figure 4a).

In another set of experiments, an aliquot of the puri-
fied LM-PCR products was ligated into pCRII vector
and was transformed into chemically competent TOP10
cells by use of the TA Cloning Kit (Invitrogen BV). The
DNA sequences of individual clones were determined by
use of the BigDye DNA sequencing kit (Perkin-Elmer
Life Sciences) with M13 forward and reverse primers
and an automated ABI PRISM 377 genetic analyzer
(Applied Biosystems, Foster City, California, USA).

Detection of SHMs in the variable region of Ig heavy chain. We
studied the frequency and characteristics of SHMs in the
variable region of the IgM heavy chain (VH region) in
purified CD19*CD27* B cells as previously described

(16). PBMCs were labeled with anti-CD19 mAb and anti-
CD27 mAb (Immunotech), and then purified by FACS
sorting. The purity of sorted CD19*CD27* B cells was
more than 99%. SHMs were identified in the VH3-23
(GenBank accession no. AB019439) region after PCR
amplification using VH3-23 and CL primers and cloning
as previously described (16).

Sequence analysis of the buman uracil-DNA glycosylase
gene. Genomic DNA from the patients was amplified by
PCR using primers that bound to intronic and non-
coding sequences. PCR products were sequenced using
the BigDye DNA sequencing kit (Perkin-Elmer Life Sci-
ences), internal primers and an automated ABI PRISM
377 genetic analyzer (Applied Biosystems) as previous-
ly described (17).

Results

Phenotypic characteristics of patients with HIGM4. Patients
originated from six countries (five from Italy, four from
France, two from Hungary, two from England, one from
Turkey, and one from Japan). Most of the cases were spo-
radic, with no family history of immunodeficiency. One
of the 15 patients was born to a consanguineous family
(P1) and two patients (P2 and P3) were brothers born to
anon-consanguineous family. The sex ratio of 11 males
to 4 females likely resulted from a bias in the recruit-
ment. Mean age at diagnosis of immunodeficiency was
8.8 years (range: 0.3-23 years). Mean age at the time of
the study was 18.7 years (range: 2-32 years). All patients
were alive and receiving IVIG treatment.

The clinical manifestations of the patients were very
similar to those of HIGM2 patients (Table 1). Before the
initiation of IVIG, all patients had recurrent upper respi-
ratory tract infections and 14 patients had recurrent
lower respiratory tract infections. Other severe infections
were occasionally reported (gastrointestinal tract infec-
tions, sepsis, lymphadenitis, and osteomyelitis). Lym-
phoid hyperplasia was frequently observed (seven
patients, 47%). A biopsy of a mesenteric lymph node
from one patient (P4) had follicular hyperplasia, but no
giant germinal centers characteristic of HIGM2 were
observed (13) (data not shown). Autoimmune manifes-
tations, especially autoimmune cytopenia, were found in
four patients (P4, P7,P10, P13) (Table 1). Serum Ig levels
were typical of a HIGM. IgM was elevated in ten patients
and within the normal range in five patients (P5, P6, P11,
P13, P14). IgM levels were significantly lower (P = 0.02),
and IgG levels were significantly higher (P < 0.01), than
in HIGM2 patients. Serum IgG level was very low (<1.0
g/1) in five patients (P1, P7, P8, P12, P15), while residual
IgG levels (>2.0 g/1) were found in eight patients. In four
of them (P4, P5, P11, P14), levels of IgG isotypes were the
following: IgG1, 1.8-2.8 g/1;1gG2, undetectable to 0.6 g/1;
IgG3, undetectable to 1.2 g/l; and IgG4; undetectable to
0.1 g/1. IgG levels before IVIG were not available in two
patients (P6, P10). IgE was not detectable in the six test-
ed patients (P5-P8, P11, P14). IgA levels were also unde-
tectable (<0.10 g/1) in all but one patient (P8) (Figure 1).
All patients exhibited normal numbers of circulating
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lymphocytes and B cells. The percentage of CD27* mem-
ory B cells was normal (>10% of CD19* B cells, range:
10.0-41.9%) in five patients (PS5, P9-P12) and low (<10%
of CD19" B cells, range: 2.3-9.5%) in eight patients. The
number and tested functions of T cells and NK cells were
normal (data not shown).

sCD40L+rIL-4—induced proliferation and CSR of B cells from
HIGM4 patients. sSCD40L+rIL-4-induced B cell prolifera-
tion was normal in all tested patients (# = 15), contrast-
ing with a complete lack of CSR toward IgE (n = 15) and
IgG (n = 4) (Figure 2), a defect present even in patients
exhibiting a residual in vivo CSR. Since HIGM2 (AID-
deficient) B cells exhibit the same phenotype (14), and

Figure 2

B cell responses to sCD40L+rlL-4 activation. (a) Normal B cell pro-
liferative response to sCD40L+rlL-4 stimulation in HIGM4 patients.
PBMCs from age-matched controls (n = 24), HIGM2 patients (n = 16),
and HIGM4 patients (n = 13) were stimulated with sCD40L and
rlL-4 for 5 days. White bars, no stimulation; black bars, 12-day stim-
ulation with sCD40L+IL-4. Mean uptakes of [3H]thymidine (cpm)
are shown. Error bars show the SD. (b) Defective IgE and I1gG CSR
following stimulation by sCD40L+rlL-4 in HIGM4 patients. PBMCs
from normal controls (n = 20 for IgE, n = 5 for IgG), HIGM2 patients
(n =20), and HIGM4 patients (n = 13 for IgE, n = 4 for I1gG) were
stimulated with sCD40L+rlL-4 for 12 days. White bars, no stimula-
tion; black bars, 12-day stimulation with sCD40L+IL-4. Concentra-
tions of IgE and IgG in the culture supernatants were quantified by
ELISA. Mean values are shown. Error bars show the SD.

Figure 1

Serum Ig levels in HIGM4 and HIGM2 patients. Horizontal bars indi-
cate the mean levels for each group of patients. Levels from age-
matched controls are indicated.

although the AID gene sequence was normal in HIGM4
patients, we investigated AID mRNA transcript levels in
activated B cells from seven patients. AID transcripts
were found in all tested patients (Figure 3a), indicating
that the CSR defect is located downstream of the induc-
tion of AID expression. Induction of Ig gene germ-line
transcripts (GLTs) is required to enable CSR. To identi-
fy the stage at which the CSR defect occurs, we analyzed
€GLTs (Ie-Ce) from HIGM4 B cells. In all seven tested
cases, EGLTSs were induced following sCD40L+rIL-4 acti-
vation, showing that this early step of CSR occurs nor-
mally. Titration of €GLTs as compared with CD19 tran-
scripts performed in four cases (P1, P5, P7, P15) did not
reveal any obvious difference with controls (Figure 3b).
In contrast, circle transcripts of IgE (eCTs, the tran-
scribed RNA from excised circular DNA during CSR)
was not found in the B cells of any of the patients tested
(Figure 3a). IgE gene functional transcripts (€FTs, Vi-Ce)
were also not found in three patients (P1, P2, P5) and
were very faintly positive in four patients (P7, P8, P11,
P15).IgG gene functional transcripts (YFTs, Vu-Cy) were
also not detected in four cases (P1, P2, PS, P8) and were
faintly positive in three (P7, P11, P15). However, unlike
in controls, no induced production of IgE and IgG was
detected in culture supernatants (Figure 2b). This
reflects that YFTs detection is a more sensitive technique
than IgG detection by ELISA.

Detection of CSR-induced DNA DSBs in the switch region of
the W beavy chain of B cells from HIGM4 patients. As DNA
DSBs specifically occur in Sp regions during CSR (15)
in normal conditions but are defective in activated
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Figure 3

Detection of RNA transcripts of CSR-related genes. (a) RNA transcripts of the CD79 (as control), AID, germ-line (eGLTs), circular (¢CTs),
and functional (eFTs) transcripts for IgE, and of the functional transcripts for IgG (YFTs) were detected by RT-PCR after stimulation with
sCD40L+rlL-4 for 5 days in control subjects (C) and in HIGM4 patients (P1, P2, P5, P7, P8, P11, P15). (b) CD19 transcripts and eGLTs lev-
els were analyzed using different quantities of cDNA (1:1, 1:10, 1:100, and 1:1,000 dilution) in RT-PCR for selected cases (P1, P5, P7, P15).

b

140

AID-deficient B cells (N. Catalan et al., manuscript sub-
mitted for publication) (18), we sought DSBs in the Su
region of purified B cells from HIGM4 patients aftera 5-
day culture in the presence of sCD40L+rIL-4. Activated,
viable CD19*PI" B cells were purified by FACS sorting,
and LM-PCR was used to detect DSBs in S| regions (14).
After hybridizing the LM-PCR products to a 32P-labeled
Su-specific DNA probe, several bands were detected in
the B cells (2 X 103 to 25 x 103 cells per lane) from the six
tested HIGM4 patients (P1, P2, P4, P6-P8) and in B cells
from the controls but not in activated T cells (Figure 4b).
Cloning and sequencing of the LM-PCR products of the
sCD40L+rIL-4-activated B cells from patients and con-
trols revealed that the linker was ligated to the Su region
at different sites in 58 of 103 clones (56.3%) and 36 of 64
clones (56.2%), respectively. In other clones as well as in
all clones from activated T cells, nonspecific linker-link-
er ligation products were detected. These data demon-
strate that, in contrast to HIGM2 (18), Syt DSBs occur in
CSR-induced B cells from patients with HIGM4.

In summary, the selective CSR defect of HIGM4 B
cells is neither the consequence of faulty AID gene
induction nor caused by the inability to transcribe the
Ig locus; the defect must be located downstream of the
AID-induced DNA cleavage of switch regions.

Analysis of SHMs in CD27* B cells from HIGMA4 patients.
We next studied the generation of SHMs in the VH
region of IgM in purified CD19*CD27* B cells from the
patients and controls. The generation of SHMs was
normal in CD27* B cells from all tested patients (n = 6,
P2,P5-P9), in terms of both percentage of mutations
per bp (mean 3.4%, range: 1.6-5.1%) in the VH3-23
region and percentage of mutated clones (mean 85.1%,
range: 71.4-100%) (Figure 5a). This finding sharply
contrasts with the strongly defective generation of

SHMs observed in AID-deficient patients (Figure 5a)
(13). The mean frequency of mutations at dG or dC
residues was 64.8% (range: 54-80%) in HIGM4 and
65.0% (range: 62-68%) in controls. The mean frequen-
cy of transition mutations at dG or dC (dG > dA,
dC > dT) in patients was 65.1% (range: 59-76%) similar
to control values(63.1%, range: 58-72%). The mean fre-
quency of transition mutations at dA or dT (dA > dG,
dT > dC) in patients was 48.8% (range: 40-75%) was
also similar to control values (45.7%, range: 33-57%)
(Figure 5b). Thus, HIGM4 is characterized by the nor-
mal generation of SHMs that exhibit normal patterns.

Sequence of the uracil-DNA-glycosylase gene. As uracil-
DNA-glycosylase (UNG) gene-deficient mice exhibit a
CSR defect with quantitatively normal SHMs in vivo
(19), we sequenced the UNG gene from HIGM4 patients.
The sequence of the UNG gene was normal for all 15
patients (data not shown).

Discussion
We herein describe a new HIGM entity, HIGM4, with a
clinical phenotype that is similar to that of AID defi-
ciency (HIGM2) but without any mutations in the AID
gene. Like HIGM?2 patients, HIGM4 patients suffer from
recurrent bacterial infections from childhood, and they
do not suffer from opportunistic infections, indicating
that T cell immunity is unaffected. Lymphoid organ
hyperplasia appears to be less severe in HIGM4 than in
HIGM2, although it affects half of the patients. Like in
HIGM2, autoimmune features, especially cytopenias, are
found in a quarter of patients. The HIGM is slightly less
pronounced in HIGM4 than in HIGM2, as serum IgG
levels are less markedly diminished.

B cells proliferated normally following sCD40L+rIL-4
activation. However, in vitro CSR toward IgE and IgG
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Figure 4

Detection of double-strand DNA breaks (DSBs) during CSR in HIGM4. (a) Posi-
tions of primers and probe used in DSB assay. Directions and positions of the
primers and radioactive S-specific probe used in the DSB assay are shown. The
asterisk shows the putative position of DSBs in the S region. (b) DSBs were
detected by LM-PCR in activated B cells of HIGM4 patients. Genomic DNA of
sCD40L+rlL-4-activated B cells (2 x 103, 5x 103, or 25 x 103 cells per lane) from
controls (C1, C2, C3) or HIGM4 patients (n = 6, P1, P2, P4, P6-P8) was ligat-
ed with a double-stranded linker and amplified by a semi-nested PCR using the
linker (Bw1) as a primer as well as two specific primers in the SU region (Spext
and Spint). The PCR products were subjected to electrophoresis and transferred
onto a membrane before being incubated with a radiolabeled Sp-specific probe.
Radioactivity was detected by use of a Phosphorlmager. The negative control
consisted of anti-CD3+rlL-2-activated T cells (25 X 103 cells per lane, C3).

we cannot exclude the possibility that there is
some overlap between CVID and HIGM4.

As most identified cases of HIGM4 are spo-
radic, we cannot be totally sure of how or
whether this syndrome is inherited. The early
onset is suggestive of an inherited disease. An
X-linked inheritance can be ruled out by the
observed sex ratio. An autosomal dominant
mode of inheritance is unlikely, given the
family history. An autosomal recessive mode
of inheritance is suggested by the facts that
one patient was from a consanguineous fam-
ily and that two brothers from a non-consan-
guineous family were affected. However, we
cannot exclude the possibility that HIGM4 is
a multifactorial disease that involves predis-
position genes and/or environmental factors.

The immunological investigations strongly
suggest that HIGM4 is a syndrome, characterized
in all tested patients by a CSR defect but by the
normal generation of SHMs of the Ig genes.
These data suggest, in sharp contrast to AID defi-
ciency, the existence of a defect in a CSR-specific
cofactor for AID. This hypothesis seems, howev-
er, unlikely. The CSR defect observed in HIGM4
occurs downstream of the CSR-associated dou-
ble-strand DNA breaks, a step that occurs only in
the presence of a functional AID gene (N. Catalan
etal., manuscript submitted for publication) (18,

was profoundly defective, as in HIGM2. Like in HIGM2,
the defect must occur downstream of the induction of
GLTs, since GLTs were normally induced after
sCD40L+rIL-4 activation. However the defect must
occur upstream of the recombination process, as no
excision loops (CTs) were found. Thus, although the
AID gene sequence was normal, we considered that the
defective expression of AID might account for HIGM4.
This hypothesis was ruled out by the finding of normal
amounts of AID RNA transcripts in activated B cells
from HIGM4 patients.

The normal (or elevated) IgM levels exclude the diag-
nosis of common variable immunodeficiency (CVID),
which is characterized by a decrease in the serum con-
centration of all Ig isotypes, including IgM (20). In addi-
tion, in vitro CSR was reported to be normal when B cells
from CVID patients were analyzed (21). However, as
CVID is a heterogeneous and poorly defined syndrome,

22, 23). Thus, the HIGM4-associated block in CSR must
occur downstream of AID function.

How AID induces DNA breaks is controversial. As AID
has a homologous sequence to the RNA-editing enzyme
APOBEC-1, it has been proposed that AID edits an RNA
that encodes an endonuclease (12). However, recent data
strongly suggest that AID acts directly on DNA, deami-
nating dC into dU residues. dU is subsequently removed
from DNA by the uracil-DNA glycosylase (UNG), lead-
ing to DNA breaks (24-26). The nicks that occur on dG
or dC residues located nearby on two opposite DNA
strands can lead to the DSBs that we observe during CSR
after end processing (27).

A UNG deficiency can be suggested in HIGM4
patients. However, UNG-deficient mice present with a
mild CSR defect and a normal generation of SHMs char-
acterized by a skewed pattern to transitions at the dG
and dC residues. This is clearly not the case in HIGM4

Figure 5 a , NS 1 b To
Generation of SHMs in the VH region of IgM in HIGM4. (a) 3 P=00001 = P<00001 Sontrol . S ﬁ) Z
The frequency of SHMs in the VH region of IgM is normal in 6 8 S C 3 D
HIGM4 patients. SHMs in the VH3-23 region of the IgM were S5 g 2 | 13 5
analyzed using cDNA from CD19*CD27* B cells from controls 34 %o 8 T s |63
(n=7), HIGM2 patients (n = 9), and HIGM4 patients (n = 6, z © o
P2, P5-P9). Horizontal bars indicate the mean values. (b) The 1 0 °© HIGM4 | 4 | ¢ ~ T
pattern of SHMs in the VH region of IgM is normal in HIGM4 0 0o g 2 > o |5_ 155
patients. Mean percentages of nucleotide changes and targets Control HIGM2 HIGM4 L[ %1 10 n
of SHMs in the VH3-23 region of IgM in controls (n = 7) and Mean 4.0%/bp 0.3%/bp 3.3%/bp T 2 1 6 |6
HIGM4 patients (n = 6, P2, P5-P9) are shown. (range) (2.6-6.3%)  (0-1.0%) (1.6-5.1%)
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patients, who present with a more pronounced CSR
defect and a normal generation of SHMs with a normal
pattern. UNG deficiency has been excluded in all
patients by gene sequencing.

A stronger argument is given by the observation that
CSR-induced HIGM4 B cells undergo normal DNA
DSBs, suggesting a defect located downstream of this
step, likely in DNA repair. AID-induced DNA breaks are
necessary for both CSR and SHMs, but the DNA repair
processes involved differ (28). Nonhomologous end join-
ing (NHEJ) machinery, which is required for CSR DNA
repair but not for SHM DNA repair (29-31), is also
required for V(D)] recombination of T and B cell recep-
tors (32). Therefore, it seems unlikely that NHEJ factors
are involved, as T and B cells from HIGM4 patients exhib-
it functional antigen-specific receptors. As molecules
from the mismatch repair pathway, especially Msh2,
Mlh1, and Pms2, participate in CSR (33-36), it is possi-
ble that HIGM4 patients carry a defect in one or several
of these molecules. However, the drastic defect in CSR
together with the normal frequency and pattern of SHMs
in HIGM4 does not favor the involvement of these mol-
ecules in the pathogenesis of the disease. It can thus be
proposed that one or several other undefined factor(s)
involved in the CSR process are defective in HIGM4.
Alternatively, HIGM4 may result from a deficiency in a
factor required for the survival of switched B cells.

In summary, this new HIGM entity is characterized by a
selective CSR defect, located downstream of AID activity,
with normal SHM generation. Further analysis of HIGM4
should provide new insights into the final steps of CSR.
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