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Recombination activating genes (RAG-1 and RAG-2), involved in V(D)J rearrangement
of immunoglobulin genes, have been thought to be expressed only in immature stages
of B-cell development. However, RAG-1 and RAG-2 transcripts were found to be re-
expressed in mature mouse B cells after culture with interleukin-4 in association with
several different co-stimuli. Reexpression was also detected in draining lymph nodes
from immunized mice. RAG-1 and RAG-2 proteins could be detected by immunofluo-
rescence microscopy in the nuclei of B cells cultured in vitro and in the germinal centers
of draining lymph nodes. These findings suggest that RAG gene products play a here-

tofore unsuspected role in mature B cells.

The rearrangement of immunoglobulin
(Ig) and T cell receptor (TCR) genes is a
crucial step in the maturation process of B
cells and T cells. Recombination of Ig and
TCR genes is catalyzed by the products of
the two recombination activating genes,
RAG-1 and RAG-2 (1-3). A defect in
either RAG-1 or RAG-2 results in the re-
tention of Ig and TCR loci in germline
configuration and blocks the development
of mature lymphocytes (4). RAG-1 and
RAG-2 have been considered to be ex-
pressed exclusively in immature lympho-
cytes in bone marrow and thymus, being
readily down-regulated in mature lympho-
cyte populations, such as IgD™ B cells and
TCR* T cells (2, 5, 6). RAG expression in
early B cells occurs in two waves, the first
being responsible for V(D)] (V, variable; D,
diversity; ], joining) rearrangement of Ig
heavy-chain genes in proB and preB-I cells
and the second for V] recombination of Ig
light-chain genes in small preB-II cells (5).
We describe a third wave of RAG-1 and
RAG-2 expression, induced in activated
mature B cells in vitro and in vivo.
Spleen B cells from C3H/HeN mice cul-
tured for 2 days with lipopolysaccharide
(LPS) plus interleukin-4 (IL-4) expressed
RAG-1 and RAG-2, as assessed by the com-
bination of reverse transcriptase—polymer-
ase chain reaction (RT-PCR) and Southern
(DNA) blotting (Fig. 1A). The presence of
bands of correct size was strictly dependent
on RT, indicating that PCR-amplified ma-
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terials were not derived from contaminated
genomic DNA. RAG-1 and RAG-2 expres-
sion was not detected in the cells before the
culture, in unstimulated B cells, and in cells
stimulated with either LPS or IL-4 alone.
LPS combined with other cytokines—in-
cluding IL-2, IL-3, or IL-5—was ineffective
(7). To confirm that surface IgD* (sIgD™)
mature B cells respond to LPS plus IL-4, we
undertook similar experiments in B cells
purified by panning on plates coated with
monoclonal antibody (mAb) to IgD (Fig.
1B). These enriched B-cell preparations
also expressed RAG genes in response to
LPS plus IL-4.

Various stimuli other than LPS were ex-
amined for their capacity to elicit the expres-
sion of RAG genes in the presence of 1L-4
(Fig. 1C). Monoclonal antibody to CD40
was as effective as LPS, and antibody to
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Fig. 1. (A) Expression of RAG-1 and RAG-2 ¢
mMRNA in splenic B cells stimulated with LPS
and IL-4. Mouse spleen B cells were cultured

heavy chain plus 8-mercaptoguanosine, a po-
tent B-cell activator (8), was also effective;
both these stimuli were ineffective in the
absence of IL-4. The same stimuli—IL-4
with LPS, with mAb to CD40 and with
antibody to p heavy chain plus 8-mercap-
toguanosine—also cause B cells to switch
the isotype of secreted Igs from IgM to IgG1
and IgE (9). Thus, it is likely that Ig class
switching and RAG expression require a
similar B-cell activation status.

Can in vitro RAG expression be repro-
duced in vivo? Mice were immunized with
the antigen trinitrophenyl-keyhole limpet
hemocyanin (TNP-KLH) in the hind foot-
pads, and the draining lymph nodes (LN)
were examined for the expression of RAG-1
and RAG-2. Inguinal and popliteal LN cells
expressed these gene transcripts on day 6
and day 8 postimmunization (Fig. 2).

To further confirm RAG gene expres-
sion, we performed immunofluorescence
microscopy, using mAbs to RAG-1 and
RAG-2 (Fig. 3). These mAbs detected
RAG-1 and RAG-2 proteins in mouse thy-
mocytes used as a positive control (5, 10).
More than 80% of the B cells that were
stimulated in vitro with LPS plus IL-4
stained with both mAbs; unstimulated B
cells and isotype-matched control mAb
showed no positive immunofluorescence.
RAG-1- and RAG-2—positive cells were
not detected before culture. About 70% of
the B cells used were recovered as viable
cells at the end of the culture period. Taken
together, these observations suggest that
the development of RAG-expressing cells
was not due to the expansion of a small
number of immature B cells possibly present
in the initial B cell preparation.
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tion (RT). Amplified products were visualized
by Southern (DNA) blotting (78). Lane 1, uncul-
tured B cells; lane 2, no stimuli; lane 3, IL-4;
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lane 4, LPS; lane 5, LPS plus IL-4; and lane 6, positive control (thymocytes). IL-4-dependent RAG
expression was observed reproducibly in at least 10 separate experiments, and a representative result
is shown. (B) Purified slgD*B cells express RAG-1 and RAG-2 mRNA when stimulated with LPS and
IL-4. slgD™* B cells were purified by panning on culture plates coated with mAb to IgD (20) and stimulated
with (lane 2) or without (lane 1) LPS plus IL-4 as described above. Lane 3 shows the positive control
(thymocytes). (C) Effects of various B-cell stimuli on the induction of RAG-1 and RAG-2 expression.
Mouse spleen B cells were cultured for 2 days with the following stimuli (79): Lane 1, no stimuli; lane 2,
IL-4; lane 3, LPS plus IL-4; lane 4, mAb to CD40 plus IL-4; lane 5, antibody to w heavy chain,
8-mercaptoguanosine, and IL-4; and lane 6, positive control (thymocytes).
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Cryosections of draining LN from mice
immunized with TNP-KLH were stained
with mAb to RAG-1 (Fig. 3B). RAG-1-
positive cells were detected in inguinal and
popliteal LN sections. Germinal center
(GC) B cells were clearly visualized by
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Fig. 2. Expression of RAG-1 and RAG-2 in draining
LN of TNP-KLH-immunized mice. Mice were immu-
nized with TNP-KLH in the hind footpads (79). Ingui-
nal LN cells were assessed for RAG expression on
day 0, 6, and 8 postimmunization, as indicated in Fig.
1(78). Lane 1, day O; lane 2, day 6; lane 3, day 8; and
lane 4, positive control (thymocytes).
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staining with fluorescein isothiocyanate—
conjugated peanut agglutinin (FITC-PNA)
(11). RAG-1 products appeared to be ex-
pressed almost exclusively within the FITC-
PNA-binding GC populations and were
not present in the marginal zone around
GC. PNA- and RAG-1-positive cells were
not detected in the unimmunized LN sec-
tions. Further, an observation has been
made which suggests that RAG genes are
expressed in tingible body cells in GC (12).

It has been reported that RAG genes are
expressed in some slg-positive B cell lines
with some mature phenotypes (13), and a
trace amount of RAG transcripts was detect-
ed in normal mouse lymphoid tissues (14).
The latter may have been because of a small
number of immature B cells. However, we
have now shown that significant RAG-1
and RAG-2 gene expression occurs, both in
primary culture of mature B cells and in the
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Fig. 3. Immunofluorescence analysis of RAG-1 and RAG-2 expression in cultured B cells and in draining
LN. (A) Isolated thymocytes, B cells cultured without stimuli, and B cells stimulated with LPS plus IL-4
for 2 days (79) were reacted with biotinylated irrelevant 1gG2b, mAb to RAG-1, or mAb to RAG-2,
followed by staining with rhodaminated avidin (27). (B) Cryosections of inguinal LN from mice immunized
with TNP-KLH and alum (79) were prepared on day 8 postimmunization and were reacted with
biotinylated mAb to RAG-1, followed by double-staining with rhodaminated avidin and FITC-PNA (27).
Irrelevant IgG2b gave much weaker rhodamine fluorescence. (Left), FITC-PNA; (middle), mAb to RAG-1;
(right), superimposed image of (left) and (middle). Magnification x200.
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peripheral lymphoid tissues of immunized
animals.

In mice transgenic for genes encoding
autoantibodies to DNA (15) or H-2K (16),
B cells that escaped deletion after encoun-
tering the self antigen bear altered slg re-
ceptors. These receptor modifications
(termed receptor editing) were shown to
accompany RAG expression in bone mar-
row cells, and are believed to contribute to
the removal of autoreactive B cells during
earlier developmental stages (16).

It is interesting to note that RAG ex-
pression was induced by an antigen in GC
where Ig class switching, somatic hypermu-
tations, and the selection process for affin-
ity maturation take place (17). Although
further investigations are necessary to prove
that RAG gene products induced under
these experimental conditions are function-
al, it is possible that RAG-dependent revi-
sion of Ig genes can occur in mature B cells.
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