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SUMMARY

 

Recombination activating gene (RAG) re-expression and secondary Ig gene rearrangement in mature
B lymphocytes have been reported. Here, we have studied RAG expression of peripheral blood B lym-
phocytes in humans. Normal B cells did not express RAG1 and RAG2 spontaneously. More than a half
of circulating B cells expressed RAG proteins, when activated with Staphylococcus aureus Cowan I
(SAC) + IL-2. DNA binding activity of the RAG complex has been verified by a gel shift assay employ-
ing the recombination signal sequence (RSS). Secondary Ig light chain rearrangement in the RAG-
expressing B cells was confirmed by linker-mediated (LM)-PCR. Highly purified surface 

 

k

 

+ B cells
activated by SAC + IL-2 became RAG+, and thereafter they started to express 

 

l

 

 chain mRNA. 2 colour
immunofluorescence analysis disclosed that a part of the RAG+ cells derived from the purified 

 

k

 

+ B
cells activated by SAC + IL-2 turned to 

 

l

 

+ phenotype 

 

in vitro

 

. Similarly, apoptosis induction was
observed in a part of the RAG+ B cells. Our study suggests that a majority of peripheral blood B cells
re-expresses RAG and the RAG+ B lymphocytes could be eliminated from the B cell repertoire either
by changing Ag receptor specificity due to secondary rearrangement or by apoptosis induction. Thus,
RAG expression of mature B cells in peripheral blood would contribute to not only receptor revision
for further diversification of B cell repertoire but in some cases (or in some B cell subsets) to prevention
or induction of autoAb responses at this differentiation stage in humans.
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INTRODUCTION

 

Random rearrangement of Ig variable gene segments brings
about sufficient diversity of the immune repertoire [1–3]. How-
ever, it simultaneously allows development of autoreactive anti-
bodies (Abs). The rearrangement of particular Ig gene segments
is tightly regulated with respect to cell lineage and developmental
stage. Ig gene rearrangement is dependent on the activation of
two key lymphoid-specific proteins, RAG1 and RAG2 [2,4,5].
Receptor editing is a mechanism revising their surface Ig recep-
tors by secondary gene rearrangement to create nonautoreactive
Ig [6–9]. Receptor editing has been believed to occur in the bone
marrow at a transitional stage of B cell differentiation from pre-B
to immature B cell [10–15]. Within the receptor editing theory, it
has been postulated that emergence of autoreactive receptors in
B cells results in expression of high levels of RAG enzymes that

will mediate secondary rearrangements on the accessible L chain
V genes, revealed by the experiments using murine autoAb gene
transgenic models [10–15].

Recently, it has been shown that RAG genes were re-
expressed in mature mouse B cells activated 

 

in vitro

 

 and in ger-
minal centres (GCs) of immunized mouse lymph nodes and
spleen [16–18]. Moreover, the RAG proteins induced were
reported to be functional as VDJ recombinases, because second-
ary rearrangements of Ig heavy as well as light chain genes have
been observed [19–23]. Thus, it was suggested that the RAG pro-
teins re-expressed in mature mouse B cells mediate secondary
rearrangement of Ig genes to further diversify Ig repertoire
(receptor revision) at the mature B cell level [24,25]. In addition,
re-expression of RAG enzymes in human mature B lymphocytes
has been reported [26–29].

A recent study suggested that mouse B1 cells that were pre-
disposed to autoAb production aberrantly expressed RAG pro-
teins, suggesting potential involvement of aberrantly expressed
RAGs in the autoAb production [30]. Moreover, it has been
shown that receptor revision was actually involved in the patho-
genic autoAb production in patients with RA [31–33]. Thus, it is
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evident that secondary Ig rearrangements of mature B cells con-
tribute to autoAb production in some occasions. However, a
majority of RAG+ B cells in the periphery has been suggested to
have immature phenotypes by using GFP-reporter mice [34,35].
Thus, it remains uncertain whether RAG proteins re-expressed
on mature B lymphocytes contribute to the elimination of autore-
active B cells in humans.

In the present study, we studied RAG protein expression in B
lymphocytes purified from normal human peripheral blood, and
its role in the light chain replacement and in the induction of apo-
ptosis. We found that RAG proteins were induced upon activation
of human circulating B lymphocytes, resulted in either changing
their Ag specificity by secondary rearrangement or death via
apoptosis.

 

MATERIALS AND METHODS

 

Reagents

 

Staphylococcus aureus Cowan I (SAC) was purchased from Cal-
biochem-Behring (La Jolla, CA, USA). IL-2 was kindly provided
by Ajinomoto Co. (Kawasaki, Japan). Anti-RAG1 and anti-
RAG2 mAbs were purchased from Pharmingen (San Diego, CA,
USA). FITC-anti-

 

k

 

 Ab was obtained from Coulter Co. (Hialeah,
FL). Anti-

 

l

 

 mAb was purchased from Zymed Laboratories
(South San Francisco, CA, USA). FITC-anti-CD19, PE-anti-
CD20, FITC-anti-CD40 mAbs were purchased from Beckman-
Coulter (Tokyo, Japan) and PE-anti-CD10 mAb was from DAKO
(Glostrup, Denmark). As control Abs, FITC and PE labelled
isotype matched control mouse Abs were purchased from
BeckmanCoulter.

 

Preparation of purified B cells

 

We obtained blood from 29 healthy volunteer donors. Their mean
(

 

±

 

 SD) age was 36·2 

 

±

 

 6·3 years (range 25–52 years). PBMC was
separated into T cells and non T cells by neuraminidase treated
SRBC rosetting technique, and plastic dish adherent cells were
removed [36]. Non-T, non adherent cells were treated with anti-
CD3 (Ortho Diagnostic Systems, Inc., Raritan, NJ, USA), anti-
CD14 and CD56 mAbs (Becton Dickinson Monoclonal Centre)
and magnetic beads to obtain purified B cells [37]. The resultant B
cells were more than 99% positive for CD19, CD20 and CD40.
Our B cell preparation did not contain CD10+ immature B cells
(less than 0·1%).

In some experiments, human 

 

k

 

+ B cells were negatively puri-
fied by using rabbit anti-human 

 

l

 

 Ab (Medical & Biological Lab-
oratories, Nagoya, Japan), microbeads conjugated anti-rabbit Ig
and MACS apparatus [38,39]. The resultant population contained
more than 99% 

 

k

 

+and less than 1% 

 

l

 

+ B cells by flow cytometry
(see Fig. 4). In other experiments, human 

 

k

 

+ cells were positively
purified by using goat anti-human 

 

k

 

 chain Ab (Tago, Burlingame,
CA, USA), anti-goat Ig Ab and MACS apparatus.

 

Medium and cell cultures

 

Medium used in this study was RPMI 1640 containing penicillin
(100 

 

m

 

g/ml) and streptomycin (100 U/ml) (Life Technologies, Inc.,
Gaithersburg, MD, USA) and 10% FCS (Life Technologies).

2 

 

¥

 

 10

 

5

 

 purified B cells were stimulated 

 

in vitro

 

 with SAC
(0·005% v/v) and/or IL-2 (5 ng/ml) for various periods at 37

 

∞

 

C in
5% CO2/95% air. Multiple replicate cultures were set up in a final
volume of 1 ml in 48-well flat-bottomed plates (Costar, Cam-
bridge, MA, USA).

 

RNA extraction, reverse transcription and PCR reaction

 

RAG1 and RAG2 mRNA expression was studied by PCR based
technique [37]. In brief, poly A tailed RNA was purified by
mRNA extraction kit (Invitrogen, Carlsbad, CA, USA). A half of
the precipitated RNA was reverse transcribed (the cDNA) as
described [40], and the remaining half was kept as the mRNA.
PCR amplification of both the cDNA and the mRNA was per-
formed in parallel to detect any contamination of genomic DNA.
When PCR products were amplified from the mRNA prepara-
tions, we discarded the corresponding cDNA samples, because of
genomic DNA contamination. All the PCR results shown were
thus free from genomic DNA contamination. 

 

b

 

-actin primers
were used to compare and monitor efficient cDNA synthesis
between different samples. For 

 

b

 

-actin and RAG1 reactions, tem-
perature cycling was as follows: step 1, 94

 

∞

 

C 1 min; step 2, 57

 

∞

 

C
1 min; and step 3, 72

 

∞

 

C 2 min. For RAG2 reaction, temperature
cycling was as follows: step 1, 94

 

∞

 

C 1 min; step 2, 61

 

∞

 

C 1 min; and
step 3, 72

 

∞

 

C 2 min. Step 1 through 3 was repeated 40 times fol-
lowed by 72

 

∞

 

C for 10 min. The DNA fragments were separated on
1·5% agarose gels and visualized by staining with ethidium bro-
mide. We have confirmed the internal DNA sequences of the
amplified products by the TA cloning method and subsequent
DNA sequencing.

 

Nuclear extracts and DNA-protein binding assay

 

Nuclear extracts were prepared as previously described [41,42]. A
gel shift assay was performed using digoxigenin (DIG) gel shift kit
(Boehringer Mannheim Biochemica, Mannheim, Germany) [41].
In brief, DIG-labelled DNA fragments were incubated at room
temperature for 15 min with 5 

 

m

 

g of nuclear proteins. Protein-
DNA complexes were separated from free probe on a polyacry-
lamide gel. Thereafter, the protein-DNA complexes in the gels
were electrically transferred to nylon membrane, and detected by
chemiluminescence. Cold inhibition study and immunodepletion
study were conducted to confirm the specificity of the binding
[41].

 

Immunoblotting analysis

 

The proteins were electrophoresed, and were transferred onto
polyvinylidene difluoride membranes. Immunoblotting was per-
formed using the Abs described above. Blots were probed with
appropriate biotin-conjugated secondary Ab, followed by
streptavidin-peroxidase and detection by chemiluminescence
[41].

 

Annexin V staining and measurement of caspase-3 activity

 

Annexin V was used to determine the percentage of cells under-
going apoptosis [43]. Annexin V-FITC was obtained from Pharm-
ingen (San Diego, CA, USA) and the staining was performed as
follows; the B cells were resuspended in annexin V binding buffer
(10 m

 

M

 

 HEPES/NaOH, pH 7·4, 140 m

 

M

 

 NaCl, 2·5 m

 

M

 

 CaCl

 

2

 

)
containing annexin V-FITC for 15 min in the dark. Thereafter, the
cells were analysed by flow cytometry. In two colour staining
experiments, annexin V-FITC was applied first (see below), and
then intracytoplasmic protein was stained.

The measurement of caspase-3-activated cells was performed
with a PhiPhiLux G1D2 and G2D2 kits (MBL, Nagoya, Japan)
according to the manufacturer’s protocol. Briefly, cells were cul-
tured and then, substrate was added and cells were incubated at
37

 

∞

 

C for 1 h. The percentage of caspase-3-active cells was then
measured by a flow cytometer.
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Immunofluorescence staining of intracytoplasmic proteins

 

Immunofluorescence staining of intracytoplasmic proteins was
carried out by the method of Sander with minor modification [44].
In brief, the cells were fixed by using 4% paraformaldehyde and
permeabilized by 0·1% saponin (Sigma Chemical, St. Louis, MO,
USA) in PBS with 0·01 

 

M

 

 HEPES buffer solution. Thereafter, the
cells were stained with FITC-labelled goat anti-human 

 

l

 

 Ab and
mouse anti-human RAG2 mAb, followed by biotin conjugated
anti-mouse IgG and streptavidin-PE. The stained cells were anal-
ysed by a flow cytometer. Appropriate control Abs were included
to define background immunofluorescence of the cells in the
present study.

 

LM-PCR assay for broken-ended DNA

 

LM-PCR assay was performed as previously reported [45,46]. In
brief, DNA was extracted from the B cells, and ligated to the BW
linker at 20 p

 

M

 

 using T4 DNA ligase. Ligated DNA (100 ng) was
used in the first round of PCR containing linker primer BW-1H
and J

 

k

 

5-1. Samples were amplified for 15 cycles of 40 s at 94

 

∞

 

C, 40
s at 68

 

∞

 

C, and 1 min at 72

 

∞

 

C, followed by a final 10-min extension
step at 72

 

∞

 

C. The reaction product (1 

 

m

 

l) was then used for an
additional 40 cycles of PCR in an identical buffer containing a sec-
ond, nested locus-specific primer J

 

k

 

5-2 and BW-1H. Control PCR
assays used the J

 

k

 

5-R primer specific for the human J

 

k

 

5 coding
exon combined with J

 

k

 

5-2 to amplify a germline 260-bp internal
Ig

 

k

 

 locus fragment from the same linker-ligated DNA samples.
PCR products were analysed on 1·5% agarose gels and hybridized
with J

 

k

 

5 internal probes [Table 1].

 

RESULTS

 

Induction of RAG mRNA and protein expression in normal 
B lymphocytes

 

Recent studies suggested the expression of RAGs and secondary
Ig gene rearrangement in mature B cells in mice and in humans
[19–25]. They used mouse splenocytes and human tonsillar B cells
for the studies. These provocative reports prompted us to study
RAG expression of human peripheral blood B cells.

The B cell preparation was more than 99% positive for CD19,
CD20 and CD40, and did not include CD10+ B cells (less than
0·1%). Thus, our B cell preparation did not contain immature B
cells. Highly purified circulating B cells from normal donors were
stimulated with SAC + IL-2. RT-PCR analysis demonstrated that

normal B cells did not express RAG1 and RAG2 mRNA sponta-
neously, and that both RAG1 and RAG2 mRNA expressions
were induced in normal B cells after stimulation with SAC + IL-2
[Fig. 1]. A time course analysis of RAG mRNA expression of
normal B cells showed that the observed up-regulation in RAG
expression returned to be undetectable levels after stimulation
for several days [Fig. 1].

Immunoblotting analysis demonstrated that normal circulat-
ing B cells did not express RAG2 proteins spontaneously, and that
RAG2 protein expression was induced in normal B cells after
stimulation with SAC + IL-2 (Fig. 2a) [47]. We confirmed that
RAG1 protein expression was paralleled with RAG2 expression
(Fig. 2a). It was evident that unstimulated B cells did not express
RAG proteins but they have appeared in the B cells after
activation.

We next analysed RAG2 expression with flow cytometry. Jur-
kat T cells did not express RAG2 protein, whereas EB-N14, an
EB virus transformed B cell line, expressed it (Fig. 2b, upper pan-
els). The results obtained by flow cytometry were confirmed by
immunoblotting analysis (Fig. 2b,  lower panel). Thus, we have
been able to detect intracellular RAG2 expression by flow

 

Table 1.

 

Primers and probes used in this study

 

b

 

-actin (548 bp) sense GTGGGGCGCCCCAGGCAC antisense CTCCTTAATGTCACGCACGAT
RAG1 (316 bp) sense ATGCACTCCATGTGACA antisense GCATGATGATCGCCATA
RAG2 (417 bp) sense TCTTGGCATACCAGGAGACA antisense ATGAGTGTGCGTTCTGCCAG

 

k

 

 constant primer sense TGATGAGCAGTTGAAATCTG antisense AGGCCCTGATGGGTGACTTC

 

l

 

 constant primer sense CTCCTCTGAGGAGCTTCAAG antisense CCACTGTCTTCTCCACGGTG

J

 

k

 

5-1 primer CAAACGTAAGTGCACTTTCCTAATGC
J

 

k

 

5-2 primer GTTTGAGATATTAGCTCAGGTCAATTC
J

 

k

 

5-R primer GTTTAATCTCCAGTCGTGTCCCTTG
J

 

k

 

5-internal probe GAACAGCCAAGCGCTAGCCAGTTAAGTGAGGCATCTCAATTGCAAG
BW-1 primer GCGGTGACCCGGGAGATCTGAATTC
BW-2 primer CCGGGAGATCTGAATTCCAC
BW-1H primer GAATTCAGATC
RSS probe TCACAGTGCTCCAGGGCTGAACAAAAACCGTCGA

 

Fig. 1.

 

RAG1 and RAG2 mRNA expression in normal B cells. Purified B
cells from normal donors were stimulated with SAC + IL-2 for indicated
periods and expression of RAG1 and RAG2 mRNA was analysed by RT-
PCR. The result shown is a representative of 10 independent experiments.

SAC+IL-2

0 21 3 4 5Day

RAG1

RAG2

b-actin
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cytometry. With this method, we found that normal circulating B
cells have to be stimulated with the combination of SAC + IL-2 to
induce RAG protein expression (Fig. 2c). Neither SAC stimula-
tion nor IL-2 stimulation induced RAG proteins in the B cells
(Fig. 2c).

 

DNA binding activity of RAG proteins expressed in normal 
circulating B lymphocytes

 

We next studied whether RAG proteins expressed in normal cir-
culating B cells really had DNA binding activity to the relevant
gene sequence. As shown in Fig. 3a, nuclear proteins purified
from B cells stimulated with SAC + IL-2 for 2–3 days had RSS
binding activity. We confirmed the specificity of the binding by the
cold inhibition study (Fig. 3b) and immunodepletion study
employing anti-RAG1 and anti-RAG2 mAbs (Fig. 3c). These
results presented evidence that normal circulating B cells expre-
ssed RAG protein complex, which had a RSS binding activity.

 

Secondary gene rearrangement of normal peripheral blood B 
lymphocytes by RAGs

 

We studied whether the RAGs expressed in the normal peripheral
blood B cells actually induced secondary gene rearrangement. We
thus conducted LM-PCR to detect J

 

k

 

5 gene rearrangement, as
reported by Meffre 

 

et al

 

. ([45,46]; see Fig. 4a). We found that
before RAG protein expression in nuclei of normal B cells (days
0, and 1; Fig. 2a), there was no LM-PCR product emerged, sug-
gesting that Ig light chain gene rearrangement utilizing J

 

k

 

5 gene
did not occur (Fig. 4b). At day 2, LM-PCR product was success-
fully amplified, suggesting that secondary gene rearrangement

utilizing downstream J

 

k

 

5 gene has actually occurred in the acti-
vated B cells (Fig. 4b). Thus, it was suggested that the RAG pro-
teins expressed in normal circulating B cells induced secondary
rearrangement within Ig

 

k

 

 light chain gene locus.

 

Fig. 2.

 

RAG protein expression in normal B cells. a. Normal circulating B cells were stimulated with SAC + IL-2, and RAG protein
expression was analysed by immunoblotting. The B cells expressed RAG1 and RAG2 when stimulated with SAC + IL-2 for 2–3 days. Equal
amounts of the cellular proteins were analysed. Arrows indicate RAG1 (105 kD) and RAG2 (56 kD). The result shown is a representative
of 8 independent experiments. b. Intracytoplasmic RAG2 expression of authentic RAG+ (EB-N14; an EB virus transformed cell line) and
RAG- (Jurkat T cell line) cells was analysed with flow cytometry and immunoblotting analysis. An arrowhead indicates RAG2 (56 kD). c.
Normal B cells were stimulated with either IL-2, SAC or a combination of SAC + IL-2 and intracytoplasmic RAG2 expression was studied
by a flow cytometer. The B cells expressed RAG2 protein only when stimulated with SAC + IL-2. The result shown is a representative of
4 independent experiments.
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Fig. 3.

 

Recombination signal sequences (RSS) binding activity of RAG
proteins in normal human peripheral blood B cells. a. Induction of RSS
binding activity in the nuclear extracts from normal B cells stimulated with
SAC + IL-2 was analysed by a gel shift assay. b. Specificity of the binding
was confirmed by the cold inhibition study employing unlabelled double
stranded RSS oligonucleotides (10 fold and 100 fold) and irrelevant Oct-1
oligonucleotides (10 fold). c. Binding activity to the RSS of the RAG
complex was confirmed by immunodepletion study. Anti-RAG1 (1 

 

m

 

g/
reaction) and anti-RAG2 (1 

 

m

 

g/reaction) mAbs were employed. As a con-
trol, mouse IgG (1 

 

m

 

g/reaction) was used.The results shown were repre-
sentatives of at least 4 independent experiments.
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Emergence of 

 

l

 

+ B cells in the highly purified 

 

k

 

+ B cells 
stimulated with SAC + IL-2

 

To further confirm the secondary Ig light chain gene rearrange-
ment in normal B cells, we have conducted RT-PCR. We took

advantage of the fact that 

 

l

 

 chain genes usually rearrange after 

 

k

 

chain genes [22]. The highly purified B cells were further sepa-
rated into surface 

 

k

 

+ B cells (negatively selected) and surface 

 

l

 

+
B cells. The 

 

k

 

+

 

 B cell fraction contained more than 99% of cells

 

Fig. 4.

 

Secondary gene rearrangement of normal peripheral blood B cells. a. Schematic representation of LM-PCR assay for broken-ended
recombination signal sequence DNA. b. Secondary gene rearrangement of normal peripheral blood B cells stimulated with SAC + IL-2. B
cells were stimulated with SAC + IL-2 for indicated periods and LM-PCR was performed to detect J

 

k

 

5 gene rearrangement. Before RAG
protein expression in nuclei (day 0 and 1), there was no LM-PCR product emerged in normal B cells. At day 2, LM-PCR product was
successfully amplified from normal B cells, suggesting secondary rearrangement utilizing J

 

k

 

5. Control PCR was conducted using primers
specific for human J

 

k

 

5 coding sequence. c. Light chain mRNA expression of purified 

 

k

 

+ B cells stimulated with SAC + IL-2. The 

 

k

 

+ B cells
were purified from normal peripheral blood and stimulated with SAC + IL-2. Thereafter, 

 

k

 

 and 

 

l

 

 chain mRNA expressions were studied
by RT-PCR. 

 

l

 

 chain mRNA was expressed in highly purified 

 

k

 

+ B cells when stimulated with SAC + IL-2 for 2–3 days. d. Intracytoplasmic
RAG expression and cell surface expression of Ig 

 

l

 

 chain in normal 

 

k

 

+ B cells stimulated with SAC + IL-2. Cytoplasmic RAG2 expression
and 

 

l

 

 chain expression of the B cells were studied by two colour immunofluorescence analysis. RAG2 protein was expressed in B cells,
but 

 

l

 

+ B cells were not detected at day 2. Note that all of the 

 

l

 

+ B cells appeared at day 3 expressed RAG2 simultaneously.
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expressing surface 

 

k

 

 and less than 1% cells expressing l chain
(Fig. 4d, day 0). The k+ B cells were stimulated with SAC + IL-2
for several days and their mRNA extracted. The k+ B cells did not
express l chain mRNA at day 0 and day 1 (Fig. 4c). The l chain
mRNA was expressed in the surface k+ B cells stimulated with
SAC + IL-2 for 2–3 days. Thus, it was suggested that the RAG
proteins expressed in normal circulating B cells induced second-
ary rearrangement of Ig light chain gene.

It is therefore important to clarify whether RAGs expressed
in circulating B cells upon activation really mediate secondary
rearrangement of Ig light chain gene and subsequent cell surface
expression of Ig light chain protein on the B cells. To directly
assess involvement of RAG protein expression in the emergence
of surface l chain on the purified surface k+ B cells stimulated
with SAC + IL-2, we have performed two colour staining: cyto-
plasmic RAG2 expression and surface l chain expression of the B
cells were analysed with flow cytometry (Fig. 4d). The expression
of RAG2 protein was gradually increased and RAG2 protein was
expressed in a majority of the B cells at day 3. At day 3, l+ B cells
were appeared only on RAG2+ B cells. It should be emphasized
that all of the l+ B cells emerging in the culture at day 3 expressed
RAG2 simultaneously.

Outgrowth of contaminating l+ B cells in the purified k+ B
cell population may be responsible for the emergence of l+ B
cells in the experiments. However, [1] l+ B cells were not
present at day 0 (freshly isolated) and at days 1 and 2 (acti-
vated) of the purified k+ B cell preparation, [2] l+ B cells did
not emerge from RAG negative B cells at day 3. These results
suggested that outgrowth of contaminating l+ B cells in the
purified k+ B cell population did not occur. In addition, we
have cultured the k+ B cells and the l+ B cells separately with
SAC + IL-2 to assess their proliferative potential. The k+ B cells
and the l+ B cells proliferated almost equally or the k+ B cells
proliferated slightly better than the l+ B cells in response to
SAC + IL-2 (data not shown). Collectively, we found that the
proliferation of the l+ B cells never exceeded that of the k+ B
cells.

When the purified B cells were stimulated with SAC + IL-2,
more than a half of the B cells express RAG2 protein
(55·0 + 20·3%, mean + SD of 14 normal individuals; range 21·4–
92·0%). As control experiments, we also purified surface l+ B
cells, and stimulated with SAC + IL-2. We found that surface k+
cells were never emerged from SAC + IL-2 stimulated purified
surface l+ B cells (data not shown). These findings indicated
that RAG proteins expressed in normal circulating B cells were
functional and promoted secondary gene rearrangement and
subsequent l chain protein expression. In addition, secondary
gene rearrangement may be a common event for circulating B
cells, because more than a half of normal peripheral blood B
cells undergoes secondary gene rearrangement.

RAG expression in surface k+ B cells stimulated by SAC +
IL-2 accompanied apoptosis induction
It is theoretically possible that a part of the B cells that undergo
secondary gene rearrangement results in successful (in-frame:
productive) rearrangement, whereas remaining of the B cells that
have resulted in the nonproductive (out of frame) rearrangement
continue the rearrangement process until successful rearrange-
ment. However, some of the B cells eventually die via apoptosis,
because of unsuccessful (nonproductive) rearrangement
throughout.

We have assessed cytoplasmic RAG2 expression and annexin
V binding of the activated B cells, to test whether a part of normal
activated B cells that expressed RAG eventually die via apoptosis.
Annexin V binding represents unequilibrium of membrane
potential, which is intimately associated with the early phase of
apoptotic cell death [48,49]. As shown in Fig. 5a, RAG2 protein
expression was evident at day 2–3. At days 3 and 4, annexin V+
apoptotic B cells emerged only in RAG2+ B cells. These findings
were confirmed by the appearance of caspase-3-activated B cells
in the RAG2+ B cells (Fig. 5b). It should be emphasized that all of
the apoptotic cells simultaneously expressed RAG2. The result
strongly suggested that a part of B cells expressing RAG2 died via
apoptosis. Thus, the same stimulus induced both secondary gene
rearrangement and apoptosis of B cells. To evaluate the relation-
ship between apoptosis and the secondary Ig gene rearrangement
followed by l chain expression, we performed flow cytometric
analysis. As shown in Fig. 5c, after 3 days of stimulation with
SAC + IL-2, double staining for cell surface l chain and caspase-
3 activity demonstrated that caspase-3-activated apoptotic cells
emerged only in l chain negative B cells. These results suggest
that some of the B cells eventually died via apoptosis because of
unsuccessful light chain rearrangement.

DISCUSSION

In this study we found that activation of normal human peripheral
blood B cells provoked RAG re-expression and the RAGs were
functional for secondary gene rearrangement in a majority of cir-
culating B cells, and a minority of the B cells subsequently died
via apoptosis [20]. In addition, re-expression of RAGs in human
mature B cells was induced by the stimulation of SAC + IL-2 as
well as the stimulation with anti-CD40 Ab and IL-4 (data not
shown), suggesting that suboptimal stimulation without surface Ig
receptor stimulus is enough to induce RAGs and secondary Ig
gene rearrangement (receptor revision).

Re-expression of RAGs in human mature B cells has been
reported, and is suggested to contribute further diversification of
immune repertoire [19–25]. In some instances, secondary rear-
rangement induces development of pathogenic autoantibodies in
certain diseases [31–33]. We have previously characterized a ger-
mline Ig Vk gene encoding cationic anti-DNA Ab light chain in
patients with systemic lupus erythematosus (SLE) [37] and found
that normal B cells edited A30-Jk2 gene, which was intimately
associated with anti-DNA Ab, in their genome. Put simply, if sec-
ondary gene rearrangement would occur by inversion mecha-
nism, productively rearranged germline A30-Jk2 gene might be
present far distant from Ck gene with reverse orientation in the
normal B cell genome. Using conventional and long distance
PCR, we found that A30-Jk2 was successfully amplified, however,
A30-Ck was not in normal B cells, suggesting that rearrangement
was nonproductive, or if the DNA sequence was productive,
receptor editing was occurred. On the other hand, the A30-Jk2
and A30-Ck fragments were amplified in genome of SLE B cells,
suggesting that SLE B cells do not edit and express A30-derived
mRNA and Ab. To this end, we first amplified A30-Jk2 fragment
by PCR using genomic DNA of purified normal B cell as tem-
plates and the products were further used as templates for second
PCR using g87 primer and Jk2 primer. Sequencing analysis dem-
onstrated that those from normal B cells were productive, sug-
gesting that A30-Jk2 gene that is once productively rearranged
may be receptor edited in normal B cells [37].
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In addition, our findings suggest that receptor revision may
occur at the mature stage of B cell differentiation after Ag medi-
ated selection of the B cells with high affinity Ig receptor in normal
humans. Thus, it is possible that both receptor editing and receptor
revision occur in B cells at immature/mature transitional stage in
bone marrow and circulating B cells in the peripheral blood.

We thus propose that RAG re-expression occurs at mature B
cell stage as well to revise their surface Ig or to induce apoptosis.
In accordance with our proposal, receptor editing at the mature B
cell level has been suggested. Dorner et al. [50] have shown that
receptor editing of Vk in SLE occurred in the periphery after
somatic hypermutation had been initiated. Brard et al. [51] have
described that secondary rearrangement during clonal expansion

was not surprising in view of RAG expression in germinal centres.
Thus, autoAb producing B cells may have once appeared in
periphery by failure of receptor editing at the immature/mature
transitional stage. The autoAb expressing B cells would be stim-
ulated by DNA or a crossreactive Ag via Ag specific manner,
resulting in clonal expansion of the B cells and further acquisition
of somatic mutations of their Ig V gene. The autoreactive B cells
that have escaped the receptor editing at the transitional stage,
would become a subject of receptor revision at the mature B cell
stage (after Ag stimulation and acquisition of somatic mutations)
in normal humans. We thus need to study receptor editing of
human mature B cells with defined Ag specificity, such as anti-
DNA Ab.

Fig. 5. Apoptosis induction during secondary gene rearrangement of normal peripheral blood B cells. a. Intracytoplasmic RAG expression
and apoptosis induction of normal k+ B cells stimulated with SAC + IL-2. Cytoplasmic RAG2 expression and annexin V binding of the B
cells were studied by two colour immunofluorescence analysis. RAG2 protein expression was evident at day 3. At days 3 and 4, annexin
V+ apoptotic B cells have emerged only in RAG2+ B cells. All the annexin V+ B cells expressed RAG2 simultaneously. The results shown
were representatives of 6 independent experiments. b. Intracytoplasmic RAG expression and caspase-3 activity of normal k+ B cells
stimulated with SAC + IL-2. Cytoplasmic RAG2 expression and caspase-3 activity of the B cells were studied by two colour immunofluo-
rescence analysis. At days 3 and 4, caspase-3-activated apoptotic B cells have emerged only in RAG2+ B cells. The results shown were
representatives of 3 independent experiments. c. Cell surface l chain expression and caspase-3 activity of the B cells were studied by two
colour immunofluorescence analysis. At day 3, normal k+ B cells stimulated with SAC + IL-2 were examined and caspase-3-activated cells
have emerged only in l-negative B cells.
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Recent studies with regard to RAG re-expression in mature
B cells have suggested a role of RAG re-expression in receptor
revision, that is associated with further diversification of the Ab
repertories rather than receptor editing [26–28,52,53]. It is possi-
ble that RAGs expressed on mature B cells may act both to fur-
ther diverse B cell repertoire and to prevent self-reactivity by
receptor revision. Rather, distinction of receptor diversification
(revision) and editing may not be important; secondary gene
rearrangement may be a random process of light chain gene. In
some instances, the secondary rearranged Ig gene may have
lower affinity than the original Ig gene for the autoAg, then the
Ig may become nonautoreactive (editing), and in other instances,
the secondarily selected gene may have higher affinity for the
exogenous nominal Ag (revision). In some artificial as well as
pathological cases, secondary gene rearrangement leads to devel-
opment of autoimmunity [31–33,51]. We found that CD5+ B cells
expressed RAG preferentially (data not shown), as have been
reported in mice [30]. It is thus possible that autoAb secretion by
CD5+ B cells is linked to excessive RAG expression and exten-
sive receptor revision, as reported by others [30]. It is also possi-
ble that autoAb production by CD5- B cells is free from
enhanced RAG expression. Thus, deficient RAG expression in
CD5-B cells with autoreactivity would contribute to the autoAb
secretion. In any events, further studies addressing this issue are
needed.

It has been reported that RAG+ B cells were localized within
GCs and were present as apoptotic tingible body+ macrophages
[18]. We suggest that some of the B cells that have expressed
RAG would die via apoptosis and thus, some of the RAG+ B
cells would become apoptotic tingible body+ macrophages in
humans as well. Our study emphasizes that RAG expression is
important for both apoptosis induction and secondary gene rear-
rangement (receptor revision) of human circulating B cells. We
demonstrated that apoptotic cells emerged after RAG expres-
sion; however, they did not express cell surface l chain, suggest-
ing that the induction of apoptosis of mature B cells dues to
unsuccessful light chain rearrangement during receptor revision,
as observed in the first Ig gene rearrangement in immature B
cells. We think that the B cells generating antiself antibody would
be dangerous if they are circulating. Thus, appropriate expression
of RAG in circulating B cells may be important for the preven-
tion of autoimmunity. To this end, it is important to clarify
whether artificial expression of RAGs in the autoreactive B cells
would prevent autoAb production and subsequent autoimmune
diseases.
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