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IL-21-induced Be cell apoptosis mediated
by natural killer T cells suppresses
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Epidemiological studies have suggested that the recent increase in the incidence and
severity of immunoglobulin (Ig)E-mediated allergic disorders is inversely correlated with
Mycobacterium bovis bacillus Calmette Guerin (BCG) vaccination; however, the underlying
mechanisms remain uncertain. Here, we demonstrate that natural killer T (NKT) cells in
mice and humans play a crucial role in the BCG-induced suppression of IgE responses. BCG-
activated murine Va14 NKT cells, but not conventional CD4 T cells, selectively express high
levels of interleukin (IL)-21, which preferentially induces apoptosis in Be cells. Signaling
from the IL-21 receptor increases the formation of a complex between Bcl-2 and the
proapoptotic molecule Bel-2-modifying factor, resulting in Be cell apoptosis. Similarly, BCG
vaccination induces 1L-21 expression by human peripheral blood mononuclear cells (PBMCs)
in a partially NKT cell-dependent fashion. BCG-activated PBMCs significantly reduce IgE
production by human B cells. These findings provide new insight into the therapeutic effect

of BCG in allergic diseases.

The prevalence of IgE-mediated allergic dis-
eases such as asthma, hay fever, and atopic der-
matitis has increased dramatically over the past
two decades, especially in industrialized coun-
tries (1). For example, the incidence of asthma
has nearly doubled since 1980 in the United
States as well as in Japan (1, 2). However, the
precise mechanisms underlying the increased

incidence of allergic diseases are not fully un-

derstood. One possible explanation has been
termed “the hygiene hypothesis,” which pro-
poses that improved hygiene combined with
the excessive use of antibiotics in industrial
countries has markedly reduced the incidence
of infections, particularly in children. This lack
of early exposure to infectious agents is associ-
ated with accelerated IgE production and an
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increased incidence of allergic disorders (1-3).
Epidemiological studies support this hypoth-
esis (4—6), and bacterial and viral products have
been proposed as therapeutic strategies to sup-
press the development of allergic responses. For
example, vaccination with Mycobacterium bovis
bacillus Calmette Guerin (BCG) has been re-
ported to suppress IgE production and inhibit
the development of allergic diseases in mouse
models (7-9) and in humans (10). Furthermore,
injection of CpG oligodeoxynucleotides, bac-
terial DNA surrogates recognized by Toll-like
receptor (TLR)9, reduces serum IgE levels in
mice (11).

It has been widely accepted that IgE pro-
duction is totally dependent on Th2 cells,
whose functions are reciprocally inhibited by
Th1 cells. Mechanistically, therefore, the hy-
giene hypothesis is based on an imbalance in
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the Th1/Th2 ratio because bacterial components stimulate
Th1 responses that in turn inhibit Th2 responses and IgE
production (12). On the other hand, recent findings have in-
dicated that a spectrum of T cells with immunoregulatory
properties is involved in the regulation of IgE production and
the pathophysiology of allergic diseases (13). For example,
CD4*CD25" regulatory T cells inhibit Th2 responses by
producing immunosuppressive cytokines that can directly in-
hibit B cell activation (14, 15). Furthermore, NKT cells ex-
pressing an invariant antigen receptor (Va14-Ja281 for mice
and Va24-JaQ for humans; reference 16) suppress Th2 and
IgE responses via their production of IFN-y (17).

In addition to these cellular mechanisms, it has also been
reported that IL-21 is involved in the suppression of IgE pro-
duction in both mice and humans (18, 19). IL-21 is a type I
cytokine produced by activated CD4* T cells and has a broad
capacity to regulate lymphoid cell functions (20-22). Among
these functions, IL-21 directly inhibits antibody production
by IgE-bearing B (Be) cells induced by CD40L and IL-4
(18). Conversely, IL-21R~deficient mice exhibit enhanced
IgE production (23). IL-21 has been shown to specifically in-
hibit germ line transcription of the IgE constant region (Ce)
gene but not of other isotype genes (18). However, there is
no direct evidence that this inhibition of germ line transcrip-
tion is responsible for the suppression of IgE production, as
class switch recombination of Ig genes and subsequent anti-
body secretion are differentially regulated events (24). IL-21
also induces apoptosis in B cells (25, 26), which could par-
tially explain the reduction of IgE production; however, this
effect was not shown to be specific for IgE. Hence, the
mechanism by which IL-21 specifically inhibits IgE produc-
tion is not yet fully understood.

Here, we have investigated BCG-mediated IgE suppres-
sion and found that NKT cells specifically induced apoptosis
in Be cells through the production of IL-21, resulting in a
dramatic decrease in IgE production. IL-21 increased the for-
mation of a complex between Bcl-2 and the proapoptotic
molecule Bcl-2—modifying factor (Bmf), which is selectively
expressed in Be cells and counteracts the antiapoptotic activ-
ity of Bcl-2. We have found that similar mechanisms are op-
erative in humans. This is the first report demonstrating that
IL-21 produced by Va14 NKT cells plays an important role
in the regulation of IgE responses in both mouse and human
immune systems.

RESULTS

Va 14 NKT cell-dependent IgE suppression by BCG freatment
We used an OVA-patched sensitization protocol (27) to de-
termine if BCG activates Va14 NKT cells. Va14 NKT cells
were detected by a-galactosylceramide (a-GalCer)-loaded
CD1d tetramer staining. In control mice treated with PBS or
OVA without BCG, ~15% of the liver mononuclear cells
(MNCs) were Val4 NKT cells (Fig. 1 A, left and middle).
However, BCG treatment significantly increased the fre-
quency of Va14 NKT cells to >25% (Fig. 1 A, right). BCG
treatment also increased the absolute number of Va14 NKT
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Figure 1. Requirement of Vau14 NKT cells in BCG-mediated IgE
suppression. (A) FACS profiles of liver MNCs. The liver MNCs obtained

1 wk after the last immunization were stained with a-GalCer/CD1d tetra-
mer and anti-TCRB mAb. Three mice per each group were analyzed and
representative data are shown. (B and C) Effects of BCG on antibody re-
sponses in WT and Ve 14 NKT KO mice. Total and OVA-specific serum IgE (B),
IgG1, and 1gG2a (C) were assayed by ELISA. Five mice were used in each
group. Values are expressed as mean = SD. The asterisks (*) indicate that
the amount of IgE was below the detection level for anti-OVA IgE (<31.2
U/ml), anti-OVA 1gG1 (<0.002 U/ml), or anti-OVA lgG2a (<1.25 U/ml). N.S.,
not significant. All experiments were repeated three times with
similar results.

cells because the total number of liver MNCs was also in-
creased by 50-80% (not depicted). Sera were collected from
these mice 1 wk after the last sensitization, and IgE levels
were evaluated. In WT mice, both total and OVA-specific
IgE levels were suppressed by BCG treatment (Fig. 1 B). In
mice lacking the Ja18 gene (Va14 NKT KO), there was no
significant BCG-induced suppression of IgE responses, sug-
gesting that suppression requires Va1l4 NKT cells.

The effect of BCG administration on Th1/Th2 responses

It is well known that the isotype commitment of B cells dur-
ing Ig class switching is tightly regulated by Th1/Th2 cell
cytokines (28) and that Val4 NKT cells play a regulatory
role in T cell differentiation (17, 29, 30). Therefore, we mea-
sured serum IgG2a (Th1) and IgG1 (Th2) levels to assess any
changes in the Th1/Th2 balance. BCG administration did
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Figure 2. Activation of DCs by BCG. IL-12 production (A) and NF-xB
activation (B). (A) Intracellular staining of BM-DCs with anti-IL-12p40/p70
and anti-CD11c mAbs with or without in vitro BCG (50 wg/ml) treatment
for 12 h. BCG-treated BM-DCs (10,000 cells) were analyzed by FACS,

and the number in each panel indicates the percentage of total cells.

(B) NF-kB activation. 2 X 105 BM-DCs were stimulated with or without
50 wg/ml BCG or 1 M CpG in vitro. NF-«B activity was determined by
EMSA. (C and D) No requirement of TLR2 and TLR4 in BCG-mediated [L-12
production. 2 X 10° BM-DCs derived from WT (C) or TLR2/4 double KO (D)
mice were stimulated in vitro with or without 10 pg/ml LPS, 10 p.g/ml
PGN, or 150 pg/ml BCG for 48 h, and IL-12p70 levels were measured by
ELISA. (E and F) Requirement of IRAK-4 for IL-12 production. 2 X 105 BM-
DCs were assayed for IL-12p70 by ELISA after stimulation with 0, 50, or
150 pg/m! BCG or 1 wM CpG (E), and for IL-6 with 10 ng/m! TNF-a
stimulation for 48 h (F). In C-F, values are expressed as mean * SD of
triplicate cultures. The asterisks (*) indicate that the levels were below the
detection limits for IL-12p70 (<62.5 pg/ml) and IL-6 (< 15.6 pg/ml). N.S.,
not significant. All experiments were repeated twice with similar results.

not significantly alter the levels of OVA-specific IgG1 or
IgG2a, although total levels of both isotypes were significantly
enhanced (Fig. 1 C).

Innate signaling pathway for BCG-mediated

IL-12 production

During microbial infection, both CD1d- and IL-12-mediated
signals are required for the rapid activation of Va14 NKT
cells (31). Thus, we assessed IL-12 production after BCG
treatment. BM-derived DCs (BM-DCs) were stimulated in
vitro with 50 pg/ml BCG and examined for IL-12 production
by intracellular cytokine staining using an IL-12p40/p70 mAb.
Upon BCG stimulation, a large fraction of CD11cheh cells
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Figure 3. IL-21 expression. (A) Va:14 NKT cell-dependent IL-21 pro-

duction. Liver MNCs were obtained after BCG injection (500 wg/mouse)
and examined for IL-21 mRNA expression. (B) Identification of the
source of IL-21. Vae14 NKT and conventional T cells were sorted from
liver MNCs and examined for IL-21 mRNA expression. (C) Requirement
of DCs for BCG-induced IL-21 expression by Va:14 NKT cells. Liver
TCRB™ cells were cultivated in the presence of 50 wg/ml BCG with
(top) or without (bottom) BM-DCs for 24 h and analyzed for IL-21
mRNA expression. Liver TCRB* cells stimulated with 10 wg/ml anti-CD3
mAb were used as a positive (Pos.) control. (D) Requirement of IL-12-
and CD1d-mediated signals for IL-21 mRNA expression upon BCG
stimulation. An isotype control, anti-IL-12p40/p70, or anti-CD1d

mAb (20 pg/ml) was added to the cultures of liver TCRB* cells and
BM-DCs as described in C. All experiments were repeated twice with
similar results.

produced IL-12 (Fig. 2 A). NF-«B activation is crucial for
IL-12 production, and BCG treatment activated NF-kB to
the same extent as treatment with the positive control CpG,
as demonstrated by electrophoretic mobility shift assay (Fig.
2 B). These results indicate that BCG directly induces IL-12
production in DCs by activating NF-kB.

It has been reported that mycobacterial cell wall antigens
such as peptidoglycan (PGN) or lipoarabinomannan induce
proinflammatory gene transcription through TLR2 and TLR 4
(32). However, when we compared IL-12p70 production by
BCG-stimulated WT and TLR2/TLR4 double KO BM-DCs,
there was no difference (Fig. 2 C). As expected, however, the
TLR2/4-deficient cells failed to respond to LPS or PGN
(Fig. 2 D). These results indicate that receptor(s) other than
TLR2 and TLR 4 are responsible for the recognition of whole
BCG organisms.

To analyze intracellular signaling pathways activated by
BCG, we measured IL-12p70 production by BM-DCs
from WT and IL-1R-associated kinase (IRAK)-4 KO mice.
BM-DCs from IRAK-4 KO mice produced less IL-12p70
than those from WT mice in response to both BCG and
CpG (Fig. 2 E), whereas they produced comparable levels
of IL-6 in response to TNF-a stimulation (Fig. 2 F). Simi-
larly, BM-DCs from myeloid differentiation factor 88
(MyD88) KO mice produced nearly undetectable IL-12p70
upon BCG stimulation, whereas IL-6 production remained
unchanged (Fig. S1, available at http://www.jem.org/cgi/
content/full/jem.20062206/DC1). Therefore, the recogni-
tion of BCG organisms is mediated by innate receptors
other than TLR2 and TLR4 that signal through both IRAK-4
and MyD88.
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BCG-induced IL-21 expression in Va14 NKT cells

The recently identified IL-21 and its receptor (IL-21R),
members of the common <y-chain (yc)-dependent cytokine
family, have been shown to regulate IgE production without
influencing Th2 cell differentiation (18, 20, 23). Thus, we
examined the possibility that IL-21 might be induced by
BCG stimulation and might suppress IgE responses in a Va14
NKT cell-dependent manner. We first measured IL-21
mRNA expression in TCRB ™" liver MNCs by a RT-PCR.
IL-21 mRNA was detected in liver TCR* liver MNCs of
WT mice within 6 h after BCG injection (Fig. 3 A). In con-
trast, no IL-21 mRNA was detected in the Va14 NKT KO
mice (Fig. 3 A), suggesting that Val4 NKT cells are the
source of IL-21 in response to BCG. To test this hypothesis,
we separated conventional T cells and Va14 NKT cells and
found that IL-21 mRINA was more abundant in the Val4
NKT cells after BCG injection (Fig. 3 B). Similarly, after
stimulation with anti-CD3, IL-21 mRNA levels in Val4
NKT cells were more than seven times higher than in CD4
T cells, confirming that these cells are the major source of
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Figure 4. 1L-21-mediated Be cell apoptosis. (A) RT-PCR analysis.

Expression of IgE (Ce), IL-21R, and yc was investigated in naive B (left)
and Be (right) cells. (B) Suppression of IgE production in naive B cell cul-
tures. Naive B cells and Va14 NKT cells (10° each) were cocultured in the
presence of sCD40L and IL-4. (C) Suppression of IgE production in-the Be
cell culture. 105 V14 NKT cells were added to the Be cell (109 cultures. In
B and C, 20 p.g/ml anti-IL-21 mAb or isotype control mAb was added at
the same time as the V14 NKT cells. The concentration of total IgE was
measured by ELISA in triplicate. Values are expressed as mean = SD. N.S,,
not significant. The experiments were repeated three times with similar
results. (D) IL-21-mediated Be cell apoptosis. 2 X 10°Be and By cells
were generated and then further cultured with or without 30 ng/ml IL-21
for 30 h. Annexin V staining was then performed. The numbers represent
percentage of the gated cells. Annexin V* cells among Be and By cells
just before IL-21 treatment was 25.7 and 29.2%, respectively (not depicted).
The experiments were repeated three times with similar results.
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IL-21 in this model (Fig. S2 A, available at http://www.jem.
org/cgi/content/full/jem.20062206/DC1).

Requirement for IL-12 and CD1d in IL-21 expression

by Vae14 NKT cells

We next analyzed the role of DCs in BCG-induced IL-21
mRINA expression. Co-culture of Val4 NKT cells with
DCs plus IL-12 strongly induced IL-21 mRINA expression,
whereas no IL-21 mRNA was induced in the absence of DCs
(Fig. 3 C). Furthermore, IL-21 mRINA expression was inhib-
ited by the addition of anti-IL-12, anti-CD1d, or both into
the cultures (Fig. 3 D), indicating that both IL-12 and CD1d
are required for IL-21 expression by Va14 NKT cells.

IL-21-mediated IgE suppression

To examine whether BCG-activated Va14 NKT cells actu-
ally suppress IgE production, Be cells were generated from
naive CD19% splenic B cells using the 3-d culture system
described by Snapper et al. (33). The starting population of
naive B cells expressed negligible IL-21R and contained no
Be cells as defined by Ce transcripts (Fig. 4 A). However, after
3 d of the culture, the majority of CD19% B cells became Be
cells and expressed IL-21R. (Fig. 4 A). We then investigated
the effects of BCG treatment on B cells, before and after IgE
class switching. The addition of BCG-treated liver MNCs at
the onset of the naive B cell cultures significantly suppressed
IgE production (~50%; Fig. 4 B). However, when BCG-
activated Va14 NKT cells were added to the Be cell culture on
day 3 and the cells were further cultivated for 5 d, IgE pro-
duction was even more strongly inhibited (>90% suppres-
sion; Fig. 4 C). These results indicate that, even after B cells
have undergone Ce class switching, BCG-activated V14
NKT cells can potently suppress IgE production. The inhibi-
tion of IgE production was IL-21 dependent, as an anti-IL-21
mAb completely abrogated the inhibitory effects (Fig. 4, B
and C). When the B cells in these cultures were assessed for
apoptosis by annexin V staining, there was a significant increase
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Figure 5. Bmf-mediated Be cell apoptosis. (A) RT-PCR. RNA from
Be and Bry cells was analyzed for its expression of the indicated genes
by RT-PCR. Note that no significant differences in Bel-2 and IL-21R
expression between Be and By cells were observed. (B) Western blotting.
Be cells were stimulated with IL-21 at 37°C for 30 min, and their

cell lysates (6 X 108) were subjected to immunoprecipitation with
anti-Bcl-2 mAb and immunoblotting with anti-Bmf antibody (top) or
anti-Bcl-2 mAb (bottom). All experiments were repeated three times
with similar results.
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