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The NF-B Canonical Pathway Is Involved in the Control
of the Exonucleolytic Processing of Coding Ends
during V(D)J Recombination1
M. Margarida Souto-Carneiro,*† Ruth Fritsch,*‡ Nuno Sepúlveda,†§ M. João Lagareiro,†
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D

uring B cell development, the variable domain of the Ig
gene is assembled by randomly joining V, D, and J genes.
This process is responsible for the production of a large
repertoire of AgRs with a wide range of specificities (1), and the
successful completion of this process is essential for B cell survival (2,
3). In the Ig molecule, the CDR3 is assembled from elements of the
V and J gene segments and, in the case of the Ig H chain, also the D
segment (4, 5), and is the most diverse region. This diversity is generated not only by the random recombination of V, D, and J elements,
but also by the remarkable degree of processing of the joins by both
nucleotide excision and addition. Structurally, the CDR3 is in the
center of the Ag-binding site, interacting directly with the other CDRs
and framework regions (FRs)3 both from H and L chains, as well as
with the Ag itself.
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Many studies have linked NF-B activity with B cell function
and survival (6 –13). For instance, IL-7-stimulated primary bone
marrow B cells and an editing competent B cell line were unable
to express RAG when cultured with inhibitors of the NF-B/Rel
family members, resulting in an impairment of L chain gene recombination (14). Furthermore, NF-B-binding sites are present in
the human and mouse IgH, Ig, and Ig enhancer modules (15–
20). Different studies using mice or murine B cell lines have shown
that impairing NF-B function— either by knocking down/repressing its component subunits or by increasing IB␣ expression— has
dramatic effects on the level of Ig gene rearrangement (21–23). In
vitro studies have demonstrated that the RAG proteins are critical
in the joining phase of recombination and interact with the postcleavage coding ends (24). However, in vivo, the role of NF-B in
regulating individual components of V(D)J recombination after
initial RAG-mediated induction of DNA breaks directed to specific
recombination signal sequences (RSS) of V, D, and J gene segments has not been delineated.
After RAG-mediated DNA cleavage, hairpin formation ensues
creating a double-stranded break that must be resolved for successful V(D)J recombination. Several factors involved in DNA
repair, including Artemis, DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), and Ku start processing and joining the coding ends (4, 25, 26). An unidentified 3⬘ to 5⬘ exonuclease activity
removes nucleotides from the coding ends (27–30). Subsequently,
the lymphocyte-specific enzyme terminal deoxynucleotide transferase (TdT) introduces nontemplated N nucleotides to the joins.
Whether NF-B might regulate some of these enzymatic processes
is currently unknown.
Anhidrotic ectodermal dysplasia with hyper-IgM syndrome
(HED-ID) is a rare X-linked primary immunodeficiency characterized by dysgammaglobulinemia and recurrent, mainly bacterial,
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V(D)J recombination is essential to produce an Ig repertoire with a large range of Ag specificities. Although NF-B-binding sites
are present in the human and mouse IgH, Ig, and Ig enhancer modules and RAG expression is controlled by NF-B, it is not
known whether NF-B regulates V(D)J recombination mechanisms after RAG-mediated dsDNA breaks. To clarify the involvement
of NF-B in human V(D)J recombination, we amplified Ig gene rearrangements from individual peripheral B cells of patients with
X-linked anhidrotic ectodermal dysplasia with hyper-IgM syndrome (HED-ID) who have deficient expression of the NF-B essential
modulator (NEMO/Ikk␥). The amplification of nonproductive Ig gene rearrangements from HED-ID B cells reflects the influence of the
Ikk␥-mediated canonical NF-B pathway on specific molecular mechanisms involved in V(D)J recombination. We found that the
CDR3H from HED-ID B cells were abnormally long, as a result of a marked reduction in the exonuclease activity on the V, D, and J
germline coding ends, whereas random N-nucleotide addition and palindromic overhangs (P nucleotides) were comparable to controls.
This suggests that an intact canonical NF-B pathway is essential for normal exonucleolytic activity during human V(D)J recombination, whereas terminal deoxynucleotide transferase, Artemis, and DNA-dependent protein kinase catalytic subunit activity are not
affected. The generation of memory B cells and somatic hypermutation were markedly deficient confirming a role for NF-B in these
events of B cell maturation. However, selection of the primary B cell repertoire appeared to be intact and was partially able to correct
the defects generated by abnormal V(D)J recombination. The Journal of Immunology, 2008, 180: 1040 –1049.
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Table II. Number of H and L chain V(D)J rearrangements used in this
study

Table I. Patients assessed
Age (Years)

Race

Control

2–16

HED-ID

2
7
16
17

Caucasian (n ⫽ 6); Hispanic
(n ⫽ 2); African
American (n ⫽ 4)
Caucasian (n ⫽ 1)
Caucasian (n ⫽ 1)
Caucasian (n ⫽ 1)
Caucasian (n ⫽ 1)

Ikk␥ Mutation

None
C417Y
D406V
C417R
C417R

Materials and Methods
Patient samples

Nonproductive

Productive

P:NP Ratio

12
4

56
72

385
280

6.9:1
3.9:1a

2
3

12
20

64
44

5.3:1
2.2:1a

3
3

18
18

32
12

1.8:1
0.7:1a

H chain
Control
HED-ID
 Chain
Control
HED-ID
 Chain
Control
HED-ID
a

Significant difference ( p ⬍ 0.05) from control.

Biosciences), and analyzed with a four-color FACSCalibur (BD Biosciences). T cell subsets were analyzed using FlowJo (Tree Star). The B
cell subsets CD19⫹/IgD⫹/CD27⫹, CD19⫹/IgD⫹/CD27⫺, and CD19⫹/
IgD⫺/CD27⫹ were sorted using a FACSDiva (BD Biosciences) or a DakoCytomation MoFlo into 5-ml tubes containing 500 l of 1⫻ PBS.

Amplification of the IgV H and L chains by single-cell PCR
Sorted B cells were diluted to a final concentration of 1–1.5 cells/5 l of
PBS, and then aliquoted into 96-well PCR plates containing 10 l of lysis
buffer (2⫻ PCR buffer plus 0.4 mg/ml proteinase K; Sigma-Aldrich). Cells
were lysed for 60 min at 56°C followed by a denaturation step of 95°C for
10 min to isolate genomic DNA. The total genomic DNA was amplified
with an initial nontemplated primer extension preamplification PCR (23).
Preamplified genomic DNA was amplified with the following external
family specific IgVH, IgV, or IgV forward primers: IgVH1 and 7, 5⬘ATG GAC TGS AYY TGG AGV RTC-3⬘; IgVH2, 5⬘-ATG GAC ACA
CTT TGC TMC ACR-3⬘; IgVH3, 5⬘-GGR CTB HGC TGG VTT TTY
CTY-3⬘; IgVH4, 5⬘-TGG TTY TTC CTY CTS CTG GTG-3⬘; IgVH5, 5⬘ATG GGG TCA ACC GCC ATC CTY-3⬘; IgVH6, 5⬘-CTC ATC TTC
CTG CCC GTG CTG-3⬘; IgV123Ext, 5⬘-GCK CAG CTY CTS KKS CTS
CTR-3⬘; IgV1Ext, 5⬘-ATG GCC TGS TYY CCT CTC YTC-3⬘;
IgV2Ext, 5⬘-ATG GCC TGG GCT CTG CTS CTC-3⬘; IgV3Ext, 5⬘ATG GCM TGG RYC VYW CTM YKB-3⬘ plus external reverse IgJH,
IgJ, or IgJ primers IgJHExt, 5⬘-ACC TGA GGA GAC GGT GAC C-3⬘;
IgJ1– 4Ext, 5⬘-TAC GTT TGA TCT CCA SCT TGG-3⬘; IgJ5Ext, 5⬘TAC GTT TAA TCT CCA GTC GTG-3⬘; IgJExt, 5⬘-AGG ACG GTS
ASC TKG GT-3⬘. An external touchdown PCR was conducted on a DNA
Engine Tetrad peltier thermal cycler (MJ Research). The external PCR
product was used to set up the nested PCR using internal family-specific
IgVH, IgV, or IgV forward primers: IgVH1N, 5⬘-CCT ACG TGA GGT
YTC CTG CAA GGC-3⬘; IgVH2N, 5⬘-CAG RTC ACC TTG AAG GAG
TCT-3⬘; IgVH3N, 5⬘-GTC CAG TGT SAG GTG CAG C-3⬘; IgVH4N,
5⬘-GGT GCA GCT GCA GGA GTC G-3⬘; IgVH5N, 5⬘-AAA AAG CCC
GGG GAG TCT CTG ARG A-3⬘; IgVH6N, 5⬘-CAG GTA CAG CTG
CAG CAG TCA-3⬘; IgV1N, 5⬘-GTG CCA GAT GTG MCA TCC RG-3⬘;
IgV2N, 5⬘-GAT CCA GTG VGG ATR TTG TGA TG-3⬘; IgV3N, 5⬘GTC TKT GTC TCC AGG GGA AAG AG-3⬘; IgV1–2N, 5⬘-CAG TCT
GYC YTG ACK CAG CCD-3⬘; IgV3N, 5⬘-TAT GAG CTG ACW CAG
CCA CYC-3⬘ plus the internal reverse IgJH, IgJ, or IgJ primers: IgJH1/
2/4/5N, 5⬘-GTG ACC RTK GTC CCT TGG CCC-3⬘; IgJH3/6N, 5⬘-TGA
CCA GGG TKC CM GGC CC-3⬘; IgJ2N, 5⬘-CAG CTT GGT CCC CTG
GCC AAA-3⬘; IgJ5N, 5⬘-CCA GTC GTG TCC CTT GGC CG-3⬘;
IgJ1N, 5⬘-GGT SAC CTT GGT SCC AST KCC-3⬘; IgJ23N, 5⬘-GGT
CAG CTK GGT SCC TCC KCC-3⬘. PCR products were purified using the
Performa 96-Well Standard Plate kit (Edge BioSystems) and sequenced
with a model 3100 capillary sequencer (Applied Biosystems) using the Big
DyeTerminator version 1.1 Cycle Sequencing kit (Applied Biosystems).
The efficiency of amplification of VH sequences was 90%.

Compilation of the database

Peripheral blood samples were collected from four Caucasian male patients
with HED-ID with different hypomorphic mutations in the C-terminal region
of the Ikk␥ zinc-finger motif. Control blood samples were collected from 12
healthy age-matched controls (Table I). All blood collections and processing
were done in accordance with policies established by the Institutional Review
Board for human subjects at the National Institutes of Health (Bethesda, MD).

The sequences analyzed included: 1) 441 H chain, 76  L chain, and 50 
L chain sequences from healthy control peripheral blood B cells; 2) 352 H
chain, 64  L chain, and 31  L chain sequences from HED-ID peripheral
blood B cells (Table II). All sequences are available in GenBank with
accession numbers Eu303341–Eu304234.

Flow cytometry and cell sorting

Sequence analysis

PBMC were isolated using a Ficoll gradient (Amersham) and stained with
mAbs against human CD19, IgD, CD27, CD4, CD8, and CD45R0 (BD

All rearrangements were matched to their closest germline counterparts
using the Web-based program JOINSOLVER (46). Rearrangements were
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infections starting in early childhood. HED-ID is caused by point
mutations in the zinc finger motif of the highly conserved NF-B
essential modulator (NEMO/Ikk␥) (31–37). Ikk␥ is a 48-kDa noncatalytic scaffolding protein for the IB kinase (IKK) complex,
which also contains the catalytic kinases Ikk␣ and Ikk␤ (38, 39).
This complex is an important inducer of NF-B activity in immune
or inflammatory responses. The activation of the IKK complex in
response to TNF or LPS stimulation depends on the successful
K63-linked TRAF2-dependent polyubiquitylation of the Ikk␥ subunit followed by the phosphorylation of Ikk␤, resulting in IB
phosphorylation and subsequent NF-B activation and translocation into the nucleus, where it binds its cognate sites on promoter/
enhancer regions of target genes (38 – 40). More recently, it has
been shown that Ikk␥ also participates in virus-induced activation
of IFN regulatory factors 3 and 7, through interaction with TRAFassociated NF-B activator (TANK) (41). Studies on murine embryonic fibroblasts and human THP.1 monocytes expressing Ikk␥
with C-terminal mutations demonstrated that the integrity of the
Ikk␥ C-terminal zinc finger motif is required for successful TNF-,
IL-1-, or LPS-induced ubiquitylation of Ikk␥ in response to inflammatory stimuli, and is also essential for Ikk␤-mediated phosphorylation of Ikk␥ (42– 45).
One way to examine the fine regulation of V(D)J recombination
by NF-B pathways of gene regulation is to study this process in
individuals genetically deficient in NF-B activation. By analyzing
the CDR3 of Ig H and L chain genes of single B cells from peripheral blood of four HED-ID patients, we evaluated the role of
the canonical NF-B activation pathway in human V(D)J recombination. Amplification of Ig genes from genomic DNA of individual B cells permitted the assessment of nonproductive V(D)J
rearrangements, which reflect the molecular mechanisms involved
in recombination before selection. We found that the CDR3H from
HED-ID B cells was abnormally long resulting from a marked
reduction in the excision of the germline coding ends. The L chain
coding ends also had a reduction in coding end excision, thus suggesting that, in humans, canonical NF-B activation is required for the
normal function of the exonucleolytic complexes participating in
V(D)J recombination. In contrast, other enzymes involved in V(D)J
recombination appeared to be intact, as was selection, that partially
compensated for the defect in exonucleolytic excision.

Number of
Donors
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FIGURE 1. HED-ID patients have a reduced number
of memory B cells, but normal levels of memory T cells
when compared with age-matched controls. A, Peripheral blood CD19⫹ B cells were stained with anti-IgD
and -CD27 Abs to assess the percentage of IgD⫹/
CD27⫹ and IgD⫺/CD27⫹ memory populations. B, Peripheral blood CD4⫹ and CD8⫹ T cells were stained
with anti-CD45R0 Ab, to determine whether there were
differences in T cell memory populations. C, Peripheral
blood CD4⫹ T cells were stained with anti-CD27 to
determine whether CD27 expression by all cells was
Ikk␥ dependent. Results are representative of 4 HED-ID
and 12 age-matched control samples.

considered productive if the VHDJH, the VJ, or the V J junction maintained the reading frame into the JH, the J, or the Jk segment and contained
no stop codons in the germline D segment or CDR3 junctions. Otherwise,

rearrangements were considered nonproductive. Junctional nucleotide additions between the VH and D, the D and JH segments, the V and J or the
V and J were scored as either P nucleotides, if they were inverted repeats
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Table III. Frequency of rearrangements with unmatched DH segments,
mean CDR3H length, mean length of the DH segment match, and VH-JH
distance of the productive and nonproductive rearrangements (⫾SE)

Nonproductive
CDR3H length
VH-JH distance
D match length
No D match
Productive
CDR3H length
VH-JH distance
D match length
No D match

Control (bp)

HED-ID (bp)

55.6 ⫾ 2.0a
39.5 ⫾ 1.9a
17.0 ⫾ 1.0a
33.9%

63.1 ⫾ 2.0a,b
44.2 ⫾ 2.0a,b
19.2 ⫾ 0.7a,b
9.7%a,b

47.0 ⫾ 0.6
28.4 ⫾ 0.5
15.2 ⫾ 0.3
39.2%

50.3 ⫾ 0.8b
30.3 ⫾ 0.6b
16.7 ⫾ 0.4b
22.5%b

a
Significant difference ( p ⬍ 0.05) between nonproductive and productive
rearrangements.
b
Significant difference ( p ⬍ 0.05) from control.

Results

HED-ID have a reduced and unmutated IgD⫹/CD27⫹ B cell
population

FIGURE 2. Distribution of the IgVH (A), IgDH (B), and IgJH (C) segments in HED-ID and control rearrangements. Frequency (percent) of control nonproductive (black bar), HED-ID nonproductive (dark gray bar),
control productive (white bar), and HED-ID productive (light gray bar)
rearrangements is represented. A total of 72 nonproductive and 280 productive rearrangements from patients with HED-ID and 56 nonproductive
and 385 productive rearrangements from normal controls were analyzed.
VH, DH, and JH genes were identified with JoinSolver software (46),
grouped into known families and the family distribution expressed as a
percentage of the total rearrangements. Significant (a, p ⬍ 0.05) difference
between productive and nonproductive rearrangements is shown. Significant (b, p ⬍ 0.05) difference when compared with controls.

of germline encoded ends, or N nucleotides, if they were nontemplated
junctional additions. The junctions without N additions that contained base
pairs that could have been encoded by either of the approximated coding
ends, and therefore, could represent short regions of homology between the
VH and D, the D and JH, the V and J, or the V and J regions were
considered to be microhomologies. D segment matches and D segment
fusions were only accepted when they fulfilled the criteria established previously (46), based on a Monte Carlo simulation designed to distinguish
actual matches from random chance. In cases in which the nucleotide sequence between the VH and JH coding ends had the same number of
matches with a D segment with irregular spacer (DIR) family member or
a D segment encoded on chromosome 15 and a conventional D segment,
the latter was accepted as the D element used. Rearrangements using DD
fusions, inverted D segments, or D segment with irregular spacer segments
were excluded from the D segment reading frame analysis.

Statistical analysis
To determine significant differences in distributions of productive and nonproductive rearrangements of VH, D, and JH segments in control and HED-ID
cells, appropriate log-linear models for categorical data were fitted using the
Catdata package (F. Z. Poleto and P. Rose, unpublished observations) for the

The class-switched somatically mutated memory B cell subset
(CD19⫹/IgD⫺/CD27⫹) was present in all 12 control peripheral blood
samples, but could not be detected in any of the HED-ID patients
(mean HED-ID 0.8 ⫾ 0.5% vs control 13.0 ⫾ 1.5%). In two HED-ID
patients, the CD19⫹/IgD⫹/CD27⫹ preswitched memory B cell population was present, although it was significantly less frequent ( p ⬍
0.05) than in controls (Fig. 1A) (mean HED-ID 5.0 ⫾ 3.9% vs control
12.1 ⫾ 1.9%). When this CD19⫹/IgD⫹/CD27⫹ B cell subset was
analyzed for somatic mutations, the HED-ID IgVH sequences were all
unmutated contrasting to the extensive mutations observed in the
same population from normals (data not shown). As a control, both
CD4 and CD8 T cell subsets were analyzed for the expression of
CD27 and CD45R0 to establish whether the Ikk␥ mutation also influenced the memory phenotype of the T cell compartment and expression of CD27. The HED-ID peripheral blood T cells contained
both CD4⫹ and CD8⫹ CD45R0-expressing memory populations
comparable in frequency to the control subjects (Fig. 1B). Moreover,
both T cell populations expressed CD27 (Fig. 1C).
Heavy chains
HED-ID H chain rearrangements. H and L chain gene rearrangements were amplified from genomic DNA of individual peripheral blood B cells of subjects with HED-ID and normal controls. This approach made it possible to amplify and analyze
nonproductive rearrangements that reflect the immediate result of
V(D)J recombination without subsequent selection as well as productive rearrangements, the distribution of which could have been
influenced by selection (47).
Although the VH segment distribution in productive and nonproductive rearrangements of HED-ID cells was statistically different from the controls ( p ⬍ 0.05, Pearson’s goodness-of-fit test),
no major differences in individual VH gene usage were observed
(Fig. 2A). Thus, for example, even though there was a greater
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R software (www.r-project.org/). A good fit of the models to data was considered when p values were ⬍0.05 for Pearson’s goodness-of-fit test. When
stated, Fisher’s exact tests were also applied to compare groups with respect to
the frequency of a particular VH, D, and JH segment family and to analyze the
productive:nonproductive ratio of H, , and  chains in the two groups. The
nonparametric Smirnoff-Kolgomorov test was used to compare the distributions of productive and nonproductive rearrangements, and of the control and
HED-ID, regarding CDR3 length, V-J distance, D segment match length, P
and N nucleotides, and V, D, and J excision. Here, p values ⬍0.05 were
considered to provide significant differences between two distributions.
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FIGURE 3. Pairing of IgDH and IgJH segments in the nonproductive repertoire of the agematched control (A) and the HED-ID (B) rearrangements. D proximal (䡺) JH genes (JH1, JH2,
JH3, and JH4) and D distal (f) JH genes (JH5 and
JH6) are indicated. The D genes are divided into
five groups according to their position in the locus (D1–1 to D5–5 are the most JH distal and
D1–26 and D7–27 are the most JH proximal).
Significant (ⴱ, p ⬍ 0.05) bias in the pairing of
the D and JH segments. Significant (ⴱⴱ, p ⬍
0.05) difference when compared with controls.
Only the rearrangements for which a D segment
could be assigned were analyzed.

ability distributions of D segments for productive and nonproductive rearrangements, but the same for control and HED-ID rearrangements (Pearson’s goodness-of-fit test). Variance between
HED-ID and normal in D segment usage could be accounted for by
an increase in frequency of nonproductive DH2 segments as well
as by a decrease in frequency of productive DH6 segments in
HED-ID rearrangements, according to the good fit of a log-linear
model assuming the same D segment distribution for control and
HED-ID with the exception for the above-mentioned D segments,
but different distribution for productive and nonproductive. Notably, the Ikk␥ mutation was not related to an increased usage of
chromosome 15 located D segments (Fig. 2B). Additionally, the
reading frame usage was comparable between HED-ID and control
repertoires (data not shown). Whereas the frequency of nonproductive rearrangements using multiple D segments was similar in
HED-ID patients and controls (HED-ID 6.2% vs control 5.4%), in

Table IV. Exonuclease activity in the VHD or DJH junctions (⫾SE)

Nonproductive
VH 3⬘ prime excision (bp)
D 5⬘ prime excision (bp)
D 3⬘ prime excision (bp)
JH 5⬘ prime excision (bp)
VHD P-nucleotide addition (bp)
DJH P-nucleotide addition (bp)
VHD with P-nucleotide addition (% of sequences)
DJH with P-nucleotide addition (% of sequences)
Productive
VH 3⬘ prime excision (bp)
D 5⬘ prime excision (bp)
D 3⬘ prime excision (bp)
JH 5⬘ prime excision (bp)
VHD P-nucleotide addition (bp)
DJH P-nucleotide addition (bp)
VHD with P-nucleotide addition (% of sequences)
DJH with P-nucleotide addition (% of sequences)
a
b

Control

HED-ID

3.0 ⫾ 0.5a
4.8 ⫾ 0.6
7.1 ⫾ 1.1a
6.5 ⫾ 0.5
0.1 ⫾ 0.1a
0.03 ⫾ 0.02a
8.9%a (n ⫽ 5)
3.6%a (n ⫽ 2)

2.0 ⫾ 0.4a,b
3.9 ⫾ 0.4
4.5 ⫾ 0.5b
5.0 ⫾ 0.5b
0.4 ⫾ 0.1b
0.3 ⫾ 0.1b
25.0%b (n ⫽ 18)
18.1%b (n ⫽ 13)

1.8 ⫾ 0.1
5.2 ⫾ 0.2
4.7 ⫾ 0.3
5.6 ⫾ 0.2
0.3 ⫾ 0.04
0.2 ⫾ 0.03
20.0% (n ⫽ 77)
10.1% (n ⫽ 39)

1.3 ⫾ 0.1b
4.5 ⫾ 0.2b
4.1 ⫾ 0.3
5.0 ⫾ 0.3b
0.4 ⫾ 0.05
0.2 ⫾ 0.04
27.5% (n ⫽ 77)
17.1%b (n ⫽ 48)

Significant difference ( p ⬍ 0.05) between nonproductive and productive rearrangements.
Significant difference ( p ⬍ 0.05) from control.
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representation of the VH4 family within the nonproductive
HED-ID rearrangements compared with controls ( p ⬍ 0.05, Fisher’s exact test), this was not reflected in the overuse of a particular
VH4 family member (data not shown). Similarly, the increased
representation of the VH3 family in nonproductive rearrangements
in HED-ID B cells was not the result of the overuse of any specific
VH3 gene. It is notable that HED-ID IgVH rearrangements did not
have any somatic hypermutation.
D segments could be matched significantly ( p ⬍ 0.05) more
often in both the nonproductive and productive HED-ID repertoires when compared with the control (Table III). Despite differences in the distribution of D segment family members, between
HED-ID and normal VH rearrangements, there were no significant
changes in individual D segment usage. Differences between D
segment usage between HED-ID and normal rearrangements was
captured by a bad fit of a log-linear model assuming different prob-
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FIGURE 4. Alignment of the CDR3 region and the germline VH, D, and JH segments from selected nonproductive rearrangements from each of the
patients with HED-ID. The CDR3H regions and the flanking FR3H and FR4H regions are shown. All four rearrangements are designated as nonproductive
because of the insertion of STOP codons (indicated by an asterisk (ⴱ) in the amino acid sequence), or by additional shifting of the reading frame (N16YO*79
and N17YO*5). The entire 3⬘ portion of the relevant germline VH segment, the 5⬘ portion of the relevant germline JH segment, and the portion of the D
segment included in the sequence are shown for each rearrangement. The corresponding IgVH germline counterpart matches exactly the HED-ID sequence
up to the last 3⬘ nucleotide of the germline gene in each rearrangement. This indicates that the exonucleolytic complexes did not cut back the HED-ID IgVH
gene when VH to D-JH recombination took place. Similarly, the HED-ID nucleotide sequence matches exactly all the nucleotides of the 5⬘ end of the IgJH
germline gene in the CDR3H region, indicating that during the process of D to JH recombination the exonucleases did not excise the coding ends.
Homologous nucleotides between the germline and the HED-ID sequence are represented by capital letters. Nucleotide mismatches between the germline
D segment and the HED-ID sequence are indicated by lowercase letters.

the productive repertoire there were significantly more ( p ⬍ 0.05)
HED-ID rearrangements using multiple D segments compared
with control (HED-ID 2.8% vs control 0.8%).
Finally, the distribution of JH segments in control and HED-ID
nonproductive and productive rearrangements were similar in
HED-ID and control B cells ( p ⫽ 0.12, Pearson’s goodness-of-fit
test, Fig. 2C). Overall, these comparable distributions indicate that

the Ikk␥ mutation does not have a major impact on the choice and
rearrangement of VH, D, and JH segments.
However, the ratios of productive to nonproductive rearrangements for the H and L chains were significantly lower ( p ⬍ 0.05)
for the HED-ID than for the controls (Table III). In addition, as
shown in Fig. 3 there is a significant increase ( p ⬍ 0.05) in
recurrent D to JH rearrangements in the HED-ID B cells in
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Table V. TdT activity in the VHD, DJH, or VHJH junctions (⫾SE)

Nonproductive
VHD N-nucleotide addition (bp)
DJH N-nucleotide addition (bp)
VHD with no addition (% of sequences)
DJH with no addition (% of sequences)
Productive
VHD N-nucleotide addition (bp)
DJH N-nucleotide addition (bp)
VHD with no addition (% of sequences)
DJH with no addition (% of sequences)
a
b

Control

HED-ID

10.1 ⫾ 1.0a
12.2 ⫾ 1.7a
5.4% (n ⫽ 2)
8.1%a (n ⫽ 3)

10.4 ⫾ 0.8a
14.8 ⫾ 1.5a
1.5%b (n ⫽ 1)
1.5%a,b (n ⫽ 1)

7.6 ⫾ 0.3
7.4 ⫾ 0.4
4.7% (n ⫽ 11)
14.1% (n ⫽ 33)

7.4 ⫾ 0.3
7.2 ⫾ 0.4
0.9%b (n ⫽ 2)
5.1%b (n ⫽ 11)

Significant difference ( p ⬍ 0.05) between nonproductive and productive rearrangements.
Significant difference ( p ⬍ 0.05) from control.

HED-ID sequences with long CDR3H and diminished exonuclease
activity are shown on Fig. 4. In contrast, the exonucleolytic activity on the HED-ID D5⬘ coding end of the nonproductive repertoire
was comparable to that observed in the control rearrangements.
Moreover, in the productive repertoire, the HED-ID VH3⬘, D5⬘,
and JH5⬘ coding ends were excised significantly less than the controls. Furthermore, in the HED-ID nonproductive repertoire both
the VHD and DJH junctions contained a significantly greater ( p ⬍
0.05) frequency of inverted repeats at germline-encoded ends (P
nucleotides) than the control sequences (Table IV). P nucleotides
were more frequent in the VH3⬘, D5⬘, and JH5⬘ coding ends (data
not shown). However, the mean length of these palindromic sequences was comparable between HED-ID and control. In the productive repertoire there were no detectable differences between the
HED-ID and the control rearrangements.
HED-ID B cells have normal TdT activity. The next analyses
examined the imprint of TdT activity on VDJ rearrangements from
subjects with HED-ID. The addition of nontemplated nucleotides
either in the VHD or the DJH joint was significantly higher ( p ⬍
0.05) in nonproductive than in the productive repertoires, even
though no differences were observed between the HED-ID and the
control B cells (Table V). Even though there were significantly
( p ⬍ 0.05) more VHD and DJH junctions that did not have Nnucleotide additions in the controls compared with the HED-ID
rearrangements in both productive and nonproductive repertoires,
the usage of homologous coding end joining was comparable in
the productive and nonproductive repertoires of HED-ID and control B cells (data not shown).

Table VI. Mean CDR3 length, V-J distance, TdT, and exonuclease
activity in the  rearrangements (⫾SE)

Nonproductive
CDR3 length (bp)
V-J distance (bp)
VJ N-nucleotide addition (bp)
V 3⬘ prime excision (bp)
J 5⬘ prime excision (bp)
Productive
CDR3 length (bp)
V-J distance (bp)
VJ N-nucleotide addition (bp)
V 3⬘ prime excision (bp)
J 5⬘ prime excision (bp)

Control

HED-ID

33.8 ⫾ 0.7a
6.5 ⫾ 1.7
6.5 ⫾ 1.7
4.5 ⫾ 1.1a
6.2 ⫾ 1.5a

32.8 ⫾ 1.1
2.2 ⫾ 0.5b
2.2 ⫾ 0.5b
3.1 ⫾ 0.7
2.6 ⫾ 0.6b

31.8 ⫾ 0.6
7.3 ⫾ 0.9
7.3 ⫾ 0.9
8.1 ⫾ 1.0
2.6 ⫾ 0.3

31.9 ⫾ 0.4
2.4 ⫾ 0.6b
2.4 ⫾ 0.6b
2.9 ⫾ 0.5b
2.9 ⫾ 0.4

a
Significant difference ( p ⬍ 0.05) between nonproductive and productive
rearrangements.
b
Significant difference ( p ⬍ 0.05) from control.
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comparison to controls, as evidenced by the biased pairing of
5⬘D segments with 3⬘J segments.
HED-ID rearrangements have longer CDR3H . The next experiments analyzed the CDR3H region of the H chain rearrangements
from HED-ID subjects to determine whether the NEMO/Ikk␥ mutation influenced specific elements of VDJ recombination. As
shown in Table III, the mean CDR3H length of the HED-ID nonproductive rearrangements was significantly ( p ⬍ 0.05) longer
than in the control subjects (HED-ID 63.1 ⫾ 2.0 bp vs control
55.6 ⫾ 2.0 bp). A similar trend was evident in the productive
repertoire, in which HED-ID rearrangements had significantly
longer ( p ⬍ 0.05) CDR3H than the control sequences (HED-ID
50.3 ⫾ 0.8 bp vs control 47.0 ⫾ 0.6 bp). Notably, in both the
control and the HED-ID, the CDR3H length in the productive repertoire was significantly ( p ⬍ 0.05) shorter than in the nonproductive. Analyses of the mean VH-JH distance demonstrated a significant increase in both the nonproductive and productive
HED-ID rearrangements compared with normal. These results indicate that neither the VH nor JH segment contributed to the differences in the CDR3H length between the HED-ID and control.
The mean consecutive length of the nucleotide match between
the analyzed VDJ rearrangements and the assigned germline D
segments (Table III) was significantly longer ( p ⬍ 0.05) in the
HED-ID nonproductive repertoire than in the control B cells
(HED-ID 19.2 ⫾ 0.7 bp vs control 17.0 ⫾ 1.0 bp). Even though the
same trend could be observed in the productive repertoires
(HED-ID 16.7 ⫾ 0.4 bp vs control 15.2 ⫾ 0.3 bp), the D segment
match was significantly shorter ( p ⬍ 0.05) in the productive compared with the nonproductive repertoire in both HED-ID and control, indicating that there is intact selection against long D segments in the HED-ID B cells. Finally, the nonproductive repertoire
of both control and HED-ID B cells had significantly ( p ⬍ 0.05)
longer consecutive matches than the productive rearrangements.
Overall, these results clearly indicate that rearrangements from
HED-ID subjects have longer mean CDR3H than normal controls.
Together with the finding reported above that the repertoire distribution in the HED-ID is similar to the healthy individuals, these
results indicate that the differences in CDR3 length relate to abnormalities in V(D)J recombination and cannot be ascribed to differences of V, D, or J segment usage.
Exonuclease activity is reduced in HED-ID B cells. The next
analyses sought to determine the basis of the long CDR3H in H
chain rearrangements from subjects with HED-ID. Initially, we
examined the imprint of exonuclease activity on VH, D, and JH
segments. The D3⬘ and the JH5⬘ coding ends, as well as the VH3⬘
coding end, of the nonproductive HED-ID H chain repertoire underwent significantly less ( p ⬍ 0.05) excision than the same coding ends of the control rearrangements (Table IV). Examples of
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Table VII. Mean CDR3k length, Vk-Jk distance, TdT, and exonuclease
activity in the  rearrangements (⫾SE)

Nonproductive
CDR3k length (bp)
Vk-Jk distance (bp)
VkJk N-nucleotide addition (bp)
Vk 3⬘ prime excision (bp)
Jk 5⬘ prime excision (bp)
Productive
CDR3k length (bp)
Vk-Jk distance (bp)
VkJk N-nucleotide addition (bp)
Vk 3⬘ prime excision (bp)
Jk 5⬘ prime excision (bp)

Control

HED-ID

26.1 ⫾ 0.8a
5.1 ⫾ 1.3
4.9 ⫾ 1.3
7.2 ⫾ 1.6a
2.2 ⫾ 0.5

27.1 ⫾ 1.0
4.8 ⫾ 1.5
4.4 ⫾ 1.5
3.1 ⫾ 0.7b
2.6 ⫾ 0.6

28.4 ⫾ 0.3
3.8 ⫾ 1.0
3.4 ⫾ 1.0
5.1 ⫾ 1.5
2.8 ⫾ 0.5

28.4 ⫾ 0.7
4.1 ⫾ 1.2
3.8 ⫾ 1.2
4.3 ⫾ 1.2
1.8 ⫾ 0.5

a
Significant difference ( p ⬍ 0.05) between nonproductive and productive
rearrangements.
b
Significant difference ( p ⬍ 0.05) from control.

No significant difference was observed in the usage of V segment
families (V1; V2; V3; V1; V2; and V3), nor in the distribution of the J and J segments when the HED-ID and control 
and  L chains were compared. In both the nonproductive and
the productive  and  repertoires, no significant differences could
be observed when comparing HED-ID CDR3 length to the controls (Tables VI and VII). Nonetheless, the J5⬘ end of the HED-ID
nonproductive  repertoire was excised significantly less ( p ⬍
0.05) than in the control B cells (HED-ID 2.6 ⫾ 0.6 bp vs control
6.2 ⫾ 1.5 bp), and the V3⬘ end of the HED-ID productive repertoire exhibited significantly less ( p ⬍ 0.05) exonucleolytic
cleavage than the control sequences (HED-ID 2.9 ⫾ 0.5 bp vs
control 8.1 ⫾ 1.0 bp) (Table VI). However, whereas the excision
of the V3⬘ and J5⬘ ends of the nonproductive control rearrangements were significantly different ( p ⬍ 0.05) from the productive
repertoire, the same was not observed in the HED-ID rearrangements, thus suggesting that selection was not able to correct abnormalities in exonucleolytic cleavage (Table VI). In the nonproductive HED-ID V rearrangements, significantly decreased ( p ⬍
0.05) excision of the V3⬘ end compared with control was observed, but no other significant differences could be observed in
the excision of the coding ends (Table VII). Notably, all the
HED-ID nonproductive  rearrangements that did not exhibit V3⬘
end excision had significantly longer ( p ⬍ 0.05) CDR3 than the
rearrangements that were excised (29.0 ⫾ 0.8 bp vs 27.1 ⫾ 1.0 bp,
respectively). These observations confirm the H chain results that
there is a defect in exonuclease activity in the process of V(D)J
recombination related to the hypomorphic point mutations in the
Ikk␥ zinc finger motif.

Discussion
In the present study, we used single-cell PCR to amplify Ig H and
L chain genes from HED-ID B cells and demonstrated for the first
time that mutations in the C-terminal zinc finger motif of the Ikk␥
gene disturb the normal process of V(D)J recombination. Using
this technique, both the nonproductive and the productive repertoires are amplified, allowing a clear separation of the immediate
product of V(D)J recombination independent of the influences of
selection (47). The molecular mechanisms of V(D)J recombination
that are influenced by a functional canonical NF-B pathway can
be determined by analyzing the nonproductive repertoire. The
present study provides strong evidence to suggest that impairment
of the canonical NF-B pathway while not influencing the appar-
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Light chains

ent activity of TdT and DNA-PKcs during the process of V(D)J
recombination, reduces the exonucleolytic processing of the coding ends. Particularly in the recombination of the H chain genes,
this results in a significantly longer CDR3. However, selection
partially corrected the defect in exonucleolytic processing, resulting in a lesser abnormality in the productive repertoire.
It is well-established that NF-B regulates different aspects of B
cell apoptosis (2, 9, 12), proliferation (10, 11, 48), maturation (6,
9, 13, 49 –51), survival (8, 49, 52), class switch and Ig gene recombination (11, 14, 23, 35, 53–57). In vitro studies examining
Ikk␥⫺/⫺ embryonic stem cells cocultured with bone marrow cells
(52) and in vivo studies using Mb-1Cre-transgenic mice lacking
Ikk␥ from the B cell progenitor stage on (48) defined a role for
Ikk␥ in the maturation and survival of B cells. Other studies in
mice or murine cell lines presented evidence that defective (or
absent) binding of NF-B to its binding sites on the Ig gene enhancer modules reduced VJ and VJ rearrangements without
influencing RAG gene expression (14, 22, 58), although others
have reported a requirement for NF-B expression in RAG upregulation and receptor editing (21).
However, such approaches do not mimic situations where Ikk␥
is present but not fully functional as in HED-ID patients, nor provide information on the role of NF-B in specific phases of the
human V(D)J recombination process. Because the different stages
of V(D)J recombination are well-correlated with the developmental stage of the B cells (59), analysis of the V(D)J rearrangements
from peripheral blood HED-ID B cells allows an in-depth view of
which molecular mechanisms are affected and the specific stages at
which the canonical NF-B pathway exerts an influence.
Previous studies have shown that NF-B signaling is defective in B
cells of HED-ID patients (50). In B cells, the NF-B defect clearly
resulted in a loss of memory B cells and an absence of somatic hypermutation. These results are consistent with previous findings that
NF-B plays an essential role in B cell maturation and survival.
In the naive B cell population, abnormalities in V(D)J recombination were also observed in the nonproductive repertoire. The
abnormal CDR3H length was a direct result of reduced exonucleolytic processing of the germline coding ends, combined with intact
TdT activity. In humans, TdT activity can be inferred from the
mean number of N-nucleotide additions in the junctions (60 – 62).
Our analysis yielded a comparable degree of TdT activity in the H
chain rearrangements from HED-ID patients and control children
which was similar to what was previously reported for adults (46,
47, 63). The TdT activity was also identical in the  L chains of
HED-ID and controls. This normal TdT activity in H and  L
chains was associated with a reduced usage of homologous coding
end joining.
The number of nucleotides removed from the germline coding
ends indicates the level of exonuclease activity that occurred before germline ends were joined. The HED-ID H chain rearrangements had fewer nucleotides excised from the VH3⬘, D5⬘, and JH5⬘
ends than the controls. However, there were no differences in the
length of the palindromic overhangs between the HED-ID and the
control rearrangements, suggesting that NF-B is not involved in
the control of DNA-PKcs and Artemis activities that control this
(4, 64, 65). We could also observe reduced exonucleolytic activity
on the coding ends of the HED-ID L chains. Taken together, this
suggests that NF-B is involved in controlling the exonuclease
activity in B cells during V(D)J recombination. Because the DJH
junction is already present in the common lymphoid progenitor
(66), the data indicate that a functional Ikk␥ and a normal canonical NF-B pathway are essential at this early stage of B cell development for the induction of normal exonuclease activity. Because the precise nature of the exonuclease involved in V(D)J
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somatically mutated unswitched memory B cells (68), but lacking
somatic mutations of the Ig genes. It is, therefore, possible that
these B cells are not fully functional as memory B cells, and thus
cannot protect HED-ID patients from recurrent bacterial infections. Importantly, the lack or significantly reduced CD27 expression on B cells in the HED-ID patients did not influence the level
of CD70 expression on T cells (data not shown), nor was the T cell
memory compartment reduced in these patients when compared
with the healthy controls, perhaps affording a measure of host
defense.
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trimming is not known, whether NF-B regulates its activity directly or indirectly it is not known. It is, however, interesting to
note that exonuclease activity is the only process of V(D)J recombination to be sufficiently dependent on NF-B to be observed to
be clearly deficient in HED-ID B cells.
Additional abnormalities were noted in the Ig repertoire of
HED-ID patients that might reflect a role for NF-B signaling in B
cell maturation. The first was a lower than normal ratio of productive to nonproductive rearrangements. For a nonproductive rearrangement to appear in the repertoire, it is essential that the specific B cell subsequently rearrange the allele on the opposite
chromosome productively. Although it is commonly thought that
each B cell routinely rearranges both Ig H chain loci, which would
yield a productive to nonproductive ratio of 2.5, this is not the case
as this ratio is usually much higher as found here (6.9 in controls)
and previously (47). This implies that most B cells do not rearrange the second Ig H chain locus after an initial nonproductive
V(D)J rearrangement. However, the productive to nonproductive
ratio of the HED-ID VH and V rearrangements of 3.9:1 and 2.2:1,
respectively, indicates that B cell maturation may have been altered by the defective NF-B signaling so that more frequent rearrangements of the Ig loci on both chromosomes occurred. Deregulation of RAG expression owing to defects in NF-B signaling
may contribute (14). Alternatively, diminished proliferative capacity of pre-B cells owing to defective NF-B signaling could slow
the process of B cell maturation and make it more likely that rearrangements would occur on both chromosomes. Because V
genes can rearrange by deletion and inversion (1, 5), the lower
productive to nonproductive ratio does not imply that both V loci
are normally rearranged more frequently. Notably, the productive
to nonproductive ratio of V rearrangements in HED-ID is also
decreased consistent with the conclusion that the second V locus
is also rearranged more frequently when NF-B signaling is
diminished.
A second abnormality related to the degree of recurrent DJH
rearrangement that occurred before VH to DJH rearrangement.
HED-ID rearrangements exhibited a greater tendency to rearrange
5⬘D segments to 3⬘JH segments compared with control children,
but similar to adult rearrangements. This suggests that HED-ID B
cells undergo increased rounds of DJH rearrangements between the
common lymphoid precursor and the pre-B cell stage before a final
VH to DJH recombination occurs. Furthermore, because defects in
the canonical NF-B-signaling pathway caused by p50-subunit deficiency can lead to RAG enzyme overexpression (14), it is possible that increased expression of RAG contributes. Whether abnormalities in RAG expression or alteration in B cell maturation
because of defective NF-B-signaling contributes to these abnormalities remains to be determined.
In previous reports, we and others have shown that selection
tends to choose rearrangements with shorter CDR3H (46, 47, 67).
It is notable that selection in HED-ID patients seems to be intact,
because we observed a significant reduction in the CDR3H length
in the productive repertoire. However, the mean CDR3H length
never reached normal ranges because the reduced coding end excision and the elevated use of multiple D segments were never
fully corrected. Because the CDR3H is located in the core of the
Ag-binding pocket, it is possible that this extra length might compromise the binding of the Ag, thus partially contributing to the
immunodeficiency observed in HED-ID patients.
It is noteworthy to mention that in our study, we confirmed
previous observations that HED-ID patients are unable to switch
their Ig and undergo somatic hypermutation (35, 36, 50). Nevertheless, we could detect in some patients a small B cell population
with the IgD⫹/CD27⫹ phenotype that is typically associated with
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