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IL-4 signaling promotes IgE class switching through STAT6 activation
and the induction of Ig germ-line ε (GLε) transcription. Previously, we
and others identified a transcription factor, Nfil3, as a gene induced
by IL-4 stimulation in B cells. However, the precise roles of nuclear
factor, IL-3-regulated (NFIL3) in IL-4 signaling are unknown. Here, we
report that NFIL3 is important for IgE class switching. NFIL3-deficient
mice show impaired IgE class switching, and this defect is B-cell intrin-
sic. The induction of GLε transcripts after LPS and IL-4 stimulation is
significantly reduced in NFIL3-deficient B cells. Expression of NFIL3 in
NFIL3-deficient B cells restores the impairment of IgE production, and
overexpressionofNFIL3 in the presence of cycloheximide induces GLε
transcripts. Moreover, NFIL3 binds to Iε promoter in vivo. Together,
these results identify NFIL3 as a key regulator of IL-4-induced GLε
transcription in response to IL-4 and subsequent IgE class switching.
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IgE plays a central role in allergic immune response and is
essential for host defense against pathogens in mucosal tissues

(1). IgE binds to Fc-epsilon receptor (FcεRI) on mast cells and
basophils, and cross-linking by antigen causes the release of
inflammatory mediators (2). Normally, serum levels of IgE are
very low compared with IgG, but elevated levels of IgE are
observed in patients with allergic diseases (3). Reducing IgE
concentrations alters allergic immune responses, such as those
observed in asthma, anaphylaxis, and hyper-IgE disorder (4).
Cytokine stimulation ofB cells in the germinal center can induce

Ig heavy chain class switch recombination (CSR). IL-4 and CD40
(or LPS) stimulation induces germ-line ε (GLε) transcription from
the Iε promoter. The production of GLε is essential before CSR,
which is required for the production of IgE (3). Several tran-
scription factors, including STAT6 and NF-κB, positively regulate
this promoter activity (3). On the other hand, transcriptional
repressors, such as Bcl-6 and Id2, are implicated in negative reg-
ulation of this promoter (5, 6). The balance of positive and neg-
ative transcriptional regulation is important for the control of IgE
production. Although STAT6 has been shown to activate Iε pro-
moter in response to IL-4, the induction of GLε by IL-4 is delayed,
occurring after 16–24 h of stimulation (7). De novo protein syn-
thesis is required for this transcription. These observations suggest
a cascade of transcription factors, downstream of IL-4 receptor
signaling, may be involved in the induction of GLε and IgE class
switching.
Previously, cDNA representational difference analysis showed

that the Nfil3 gene was induced by LPS plus IL-4 (8). Microarray
analysis also identified the Nfil3 gene as the most strongly
induced transcription factor by IL-4 that requires the presence of
STAT6, thereby implicating that nuclear factor, IL-3-regulated
(NFIL3) may have an important role in the regulation of tran-
scription in response to IL-4 (9). NFIL3 (also called E4BP4), a
basic leucine zipper (bZIP) type transcription factor, which has
similar binding sites to those of CREB/ATF and C/EBP family
protein, was initially identified as both a transcriptional repressor
and transcriptional activator (10–12). Nfil3 is induced by several
cytokines and hormones, including IL-3, IL-4, IL-6, IL-10, IL-15,
parathyroid hormone (PTH), and insulin (8, 9, 13–19). Induction

of Nfil3 by IL-4 also has been reported in T cells (14). In con-
trast, TGF-β stimulation suppresses Nfil3 expression induced
during T helper (Th)1/Th2 polarization (20). Interestingly, de
novo protein synthesis is not required for Nfil3 induction by PTH
but is required for its induction by IL-3 (15, 16). IL-4- and IL-10-
induced NFIL3 expression is STAT6- and STAT3-dependent,
respectively (9, 19). This evidence suggests that NFIL3 is induced
via the JAK-STAT pathway at an early time point after cytokine
stimulation.
The precise function of Nfil3 in vivo is largely unknown.

NFIL3 has been implicated in the regulation of circadian rhythm
(10, 21–23). In immune cells, overexpression of NFIL3 in an IL-
3-dependent B-cell line prevents apoptosis induced by IL-3
depletion, suggesting an antiapoptotic role for NFIL3 (15).
Recently, it has been reported that NFIL3 KO mice showed the
developmental defect of natural killer (NK) cells (24). NFIL3 is
also implicated in malignant transformation that involves STAT3
activation (25). In this study, we generated and analyzed NFIL3
KO mice to understand the in vivo function of NFIL3. We
demonstrate that NFIL3 is critical for IgE class switching in
response to IL-4.

Results
NFIL3 Is Rapidly Induced by IL-4 Stimulation Independent of de Novo
Protein Synthesis. In a previous study, we identified genes that are
regulated by STAT6 in response to IL-4 in B cells through
microarray experiments (9). Among these genes, a transcription
factor Nfil3 was identified as the transcription factor most
strongly induced by IL-4. Nfil3 also was induced by IL-4 in T cells
(14). To confirm the microarray studies, we examined the
induction of Nfil3 mRNA and NFIL3 protein by LPS alone, IL-4
alone, or LPS plus IL-4 stimulation in M12.4.1 B-cell line. Nfil3
mRNA was induced within 1 h and NFIL3 protein within 2 h of
IL-4 alone or LPS plus IL-4 stimulation (Fig. 1 A and B). Mul-
tiple forms of NFIL3 proteins were detected, and the amount of
higher molecular weight species increased with the time. Only
the smallest band was detected after phosphatase treatment
in vitro, suggesting that NFIL3 can be phosphorylated by IL-4
stimulation or without IL-4 stimulation in B cells (Fig. S1). To
determine if the rapid induction of NFIL3 requires protein
synthesis, M12.4.1 cells were treated with the protein synthesis
inhibitor cycloheximide (CHX) before stimulation. Northern
blot analysis showed that CHX treatment did not block the rapid
induction of NFIL3-encoding mRNA by IL-4 (Fig. 1C, Left).
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Quantification by real-time RT-PCR also indicates that CHX did
not affect Nfil3 gene induction by IL-4 stimulation (Fig. 1C,
Right), demonstrating that its induction is independent of de
novo protein synthesis and suggesting that the Nfil3 gene is a
direct target of STAT6. Taken together, the rapid induction of
NFIL3 by IL-4 suggests that NFIL3 could play a role in the
modulation of gene regulation downstream of IL-4.

Normal B-Cell and T-Cell Development in NFIL3-Deficient Mice. We
generated NFIL3-deficient mice to examine the role of NFIL3 in
vivo. The Nfil3 gene consists of two exons, and the entire coding
region is located in the second exon. ES cells were generated by
homologous recombination in which the second exon was
replaced with the neomycin-resistant gene by gene targeting (Fig.
S2A). Homozygous NFIL3 KO mice generated from these ES
cells were born at the expected Mendelian ratio (117:201:119 for
WT, heterozygous, and KO mice, respectively), appeared grossly
normal, and were fertile. To confirm the absence of NFIL3
protein in NFIL3 KO mice, cell lysates from IL-4-stimulated
splenocytes for 24 h were prepared and loss of NFIL3 expression
was confirmed by Western blot analysis. NFIL3 protein was
detected in WT splenocytes but not in NFIL3 KO splenocytes
(Fig. S2E), indicating that the Nfil3 gene is successfully disrupted
in NFIL3 KO mice. We determined whether NFIL3 deficiency
affects lymphocyte and myeloid cell development by flow
cytometry. In bone marrow, spleen, and peritoneal cavity, the
numbers of B cells in NFIL3 KO mice were comparable to those
in WT mice (Fig. S3 A–E and Table S1). Similarly, the numbers
of T cells in NFIL3 KO mice were normal in the thymus and
spleen (Fig. S3 F–J and Table S1). The numbers of the other
lineages, including myeloid and erythroid, were also normal, but
NK-cell population (CD3−pan-NK+NKp46+) cells were sig-

nificantly reduced consistent with a recent report (24) (Fig. S3
K–N and Table S1). Taken together, lack of NFIL3 does not
have a pronounced effect on the development of hematopoietic
cells, with the exception of NK cells.

Impaired IgE Class Switching in NFIL3-Deficient Mice. IL-4 signaling
is a major regulator of Ig heavy chain class switching to the IgG1
and IgE isotypes, which occurs via rearrangement of the Ig heavy
chain locus (3, 26). To explore the role of NFIL3 in class
switching, we examined baseline serum Ig concentration in sera
from NFIL3 KO and WT mice by ELISA (Fig. 2A). The con-
centration of all Ig subclasses except IgE was similar when
NFIL3 KO and WT mice were compared. However, the IgE
level in NFIL3 KO mice was reduced, on average, to 50% of that
of WT mice, suggesting that NFIL3 is important for the normal
production of IgE in vivo. To determine whether NFIL3 defi-
ciency affects the ability to induce IgE production in response to
antigen, mice were immunized with ovalbumin (OVA) with alum
(Fig. 2B). Total Ig concentration of all subclasses except IgE was
comparable in sera between OVA-immunized NFIL3 KO and
WT mice. Total IgE levels in NFIL3 KO mice were ~5-fold
lower, on average, compared with those in sera from WT mice.
Further, OVA-specific IgE in NFIL3 KO mice was significantly
lower than that seen in WT mice. These data suggest that NFIL3
is specifically required for efficient production of IgE.
We also examined the Nfil3 level in the B cells from OVA-

immunized mice by real-time RT-PCR. After OVA immuniza-
tion, expression of Nfil3 in splenic B cells was increased com-
pared with that in B cells from unimmunized mice. This
induction was not observed in B cells from OVA-immunized
STAT6 KO mice (Fig. S4). These data indicate that IL-4/STAT6
signaling is involved in in vivo induction of NFIL3 expression in
B cells and that induced NFIL3 can be involved in IgE class
switching.

B-Cell Intrinsic Defect in IgE Production in the Absence of NFIL3
Expression. The defects of IgE production in NFIL3 could be
secondary to B-cell intrinsic defects or attributable to defects in
other cells, such as T cells, that are required for stimulation of
IgE production by B cells. To determine directly whether the
defect in IgE production by NFIL3 KO mice is B-cell intrinsic,
we assessed production of IgE and IgG1 by cultured B cells in
vitro. Splenic B cells stimulated with LPS/IL-4 for 5 days were
stained and analyzed for intracellular IgE and IgG1 by flow
cytometry. To prevent the detection of IgE bound to CD23,
staining buffer containing EGTA was used. The levels of intra-
cellular IgE expression of NFIL3 KO B cells were lower than
those of WT B cells, although the expression levels were
extremely low (Fig. 3A). Interestingly, although the serum levels
of IgG1 in NFIL3 KO mice were normal (Fig. 2), the level of
intracellular IgG expression of NFIL3 KO B cells was slightly
lower than that of WT B cells. An equal percentage of B cells
expressed sIgG3 and sIgG2b in response to LPS when NFIL3
KO and WT B cells were compared (Fig. S5). To quantify the
impairment of IgE production by NFIL3 KO B cells further,
secreted Ig levels in the culture supernatants from B cells
stimulated were determined by ELISA (Fig. 3B). The production
of IgM, IgG2a, IgG2b, and G3 by LPS-stimulated NFIL3 KO B
cells was similar to that of WT cells. Secreted IgG1 produced by
LPS/IL-4-stimulated NFIL3 KO B cells was also comparable to
that of WT cells. However, IgE secretion by LPS/IL-4-stimulated
NFIL3 KO B cells was significantly decreased relative to WT
cells. Taken together, these results demonstrate that NFIL3
deficiency in B cells impairs their ability to class switch to IgE.

Reduced GLε Transcription in the Absence of NFIL3 Expression.
Extensive studies indicate that GL transcription through switch
regions is required forCSR, likely secondary to altered accessibility
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Fig. 1. NFIL3 expression is rapidly induced by IL-4 stimulation and is CHX-
resistant. Rapid induction of Nfil3mRNA (A) and NFIL3 protein (B) expression
in M12.4.1 cells stimulated with IL-4 or LPS/IL-4. Expression of Nfil3 mRNA
and NFIL3 protein was determined by Northern blot analysis and Western
blot analysis, respectively. Data are representative of two independent
experiments. (C) Induction of Nfil3 mRNA does not require de novo protein
synthesis. RNA prepared from M12.4.1 cells stimulated as indicated was
subjected to Northern blot analysis (Left) and real-time RT-PCR (Right). Rel-
ative expression of Nfil3 was normalized by the expression of Hprt1 mRNA.
CHX(−) IL-4 (+) cells (▪), CHX(+) IL-4 (+) cells (□), and CHX(+) IL-4 (−) cells (•),
respectively. Data are representative of two independent experiments.
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of the switch region to the enzymes involved in CSR (27). There-
fore, we determined whether the impaired IgE production in
NFIL3 KO B cells is attributable to the impaired transcription of
GLε RNA in response to LPS/IL-4. We examined GLε and post-
switch ε transcripts (PSTε) by real-time RT-PCR in the splenic B
cells cultured for 3 and 5 days with LPS or LPS/IL-4. The levels of
GLγ1, GLγ2b, and GLγ3 are not largely affected by the loss of
NFIL3 expression after 3 days of stimulation by LPS or LPS/IL-4.
However, GLεwas strongly induced inWTB cells but was reduced
at lower levels in NFIL3 KO B cells by LPS/IL-4 stimulation (Fig.
3C). The PSTεs were also significantly decreased in NFIL3 KO B
cells after 5 days of stimulation. This reduction was also confirmed
by Northern blot analysis (Fig. S6). These data suggest that NFIL3
regulates GLε transcription in response to LPS/IL-4.

Normal IL-4 Signaling and Proliferation of NFIL3-Deficient B Cells.
Impaired GLε transcription could be secondary to an alteration
in IL-4 signaling. To determine if IL-4 signaling is normal in
NFIL3 KO B cells, splenic B cells cultured with LPS were
stimulated with IL-4 and the activation of STAT6 and Akt was
evaluated. Normal activation of STAT6 and Akt was observed in
NFIL3 KO B cells when compared with WT cells, suggesting that
the IL-4 signaling pathway is intact in the absence of NFIL3
expression (Fig. S7). Because cellular proliferation is required
for the class switching to IgG1 and IgE (28–30), we determined
whether the impaired class switching to IgE in NFIL3 KO B cells
was attributable to the defect of B-cell proliferation. Thymidine
incorporation of NFIL3 KO B cells in response to all stimuli
indicated was comparable to that of WT B cells (Fig. S8A). Cell
division numbers of NFIL3 KO B cells and WT B cells in
response to LPS/IL-4 were comparable (Fig. S8B). These results
indicate that the IgE class switching defect of NFIL3 KO B cells
is not related to a proliferative defect.

NFIL3 Expression Is Required for and Promotes IgE Class Switching.
To determine whether the reconstitution of NFIL3 KO B cells
with NFIL3 can restore the impairment of IgE production,
NFIL3 KO B cells were retrovirally transduced with NFIL3 using
pMiT vector (31), which coexpresses Thy1.1 and NFIL3.
Transduced NFIL3 KO B cells were cultured in the presence of
LPS/IL-4 for 4 days, and the secreted IgE levels were determined
by ELISA. Consistently, NFIL3-transduced NFIL3 KO B cells
secreted IgE at the same level as WT B cells, but control virus-
transduced NFIL3 KO B cells did not secrete IgE (Fig. 4A). The
effect of reintroduction of NFIL3 on IgG1 expression was not
pronounced. NFIL3-transduced WT B cells showed elevated IgE
secretion and similar IgG1 secretion compared with those of
control virus-transduced WT B cells in the presence of LPS/IL-4
(Fig. 4B). These results indicate that NFIL3 expression controls
IgE production.

To elucidate the mechanism by which NFIL3 regulates IgE
class switching, we determined whether overexpression of NFIL3
enhances GLε expression in response to LPS/IL-4. Northern blot
analysis using NFIL3-overexpressing M12.4.1 cells (M12NFIL3
cells) and vector-infected M12.4.1 cells (M12Vector cells) trea-
ted with LPS/IL-4 demonstrated that GLε transcripts were
detected as early as 1 h after stimulation in M12NFIL3 cells. In
contrast, GLε transcripts were detected after 4 h in M12Vector
cells (Fig. 4C). The expression levels of GLε transcripts in
M12NFIL3 cells were higher than in M12Vector cells over the
8 h of stimulation. These results suggest that NFIL3 expression
induces early expression of GLε transcription.
Next, we examined whether NFIL3 expression promotes the

induction of GLε transcription. M12NFIL3 and M12Vector cells
pretreated with CHX were stimulated with LPS/IL-4 for up to
8 h, and GLε transcription was monitored (Fig. 4D). CHX
treatment blocked NFIL3 protein synthesis but not Nfil3 mRNA
in both cells. Exogenous NFIL3 expression in M12NFIL3 cells
was present in the presence of CHX. Interestingly, GLε tran-
scripts were rapidly induced by LPS/IL-4 in the presence of CHX
in M12NFIL3 cells but were not detected in M12Vector cells.
These results suggest that NFIL3 expression promotes IL-4
induction of GL transcription in the absence of protein synthesis.

NFIL3 Binds to Iε Promoter in Vivo. To elucidate the mechanism by
whichNFIL3 regulatesGLε transcription, we determinedwhether
NFIL3 binds to the Iε promoter region in vivo by ChIP assay.
NFIL3-containing chromatin complexes from fixed M12NFIL3
cells unstimulated or stimulated with LPS/IL-4 were subjected for
ChIP-PCR analysis. NFIL3 binding to Iε promoter was detected
and increased by LPS/IL-4 stimulation (Fig. 5). However, appa-
rent binding of NFIL3 was not detected in Iγ1, Iγ2a, and β-globin
genes as a negative control. These results indicate NFIL3 binds to
Iε promoter region in vivo and may account for the specificity of
NFIL3’s effect on IgE class switching.

Discussion
In this study, we have generated and analyzed NFIL3-deficient
mice. It has been shown that theNfil3 gene is expressed in a variety
of tissues, including spleen, bone marrow, testis, placenta, skeletal
muscle, ovary, lung, and heart (12, 32–34). However, NFIL3 KO
mice demonstrated normal fertility, growth, lymphocyte devel-
opment, and myeloid cell development, except for NK cells, as
Gascoyne et al. (24) recently reported. These observations indi-
cate that NFIL3 is not a critical transcription factor for the
development of hematopoietic cells, except for NK cells. Notably,
despite normal B-cell development, NFIL3 deficiency caused
impaired class switching to IgE in vivo and in vitro. These obser-
vations are consistent with the low level of NFIL3 expression in
resting B cells in mice and with the rapid and strong induction of
NFIL3 by IL-4 stimulation. The cell activation and differentiation

A B 

Fig. 2. IgE production is impaired in NFIL3 KO mice. (A) Serum Ig levels in NFIL3 KO and WT mice as determined by ELISA (n = 9–13; *P < 0.069 for IgE). (B)
Total Ig and OVA-specific IgE levels in sera from WT and NFIL3 KO mice injected twice i.p. with OVA. Sera were collected 14 days after the last immunization,
and total Ig levels were determined by ELISA (n = 9–11). Total and OVA-specific IgE levels in sera from immunized WT and NFIL3 KO mice were also analyzed
(n = 10–12; *P < 0.0001 for total IgE and **P < 0.028 for OVA-specific IgE).
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induced by cytokine stimulation may require NFIL3 induction in
some situations. Indeed, NFIL3 is induced by several cytokines
and hormones, including IL-3, IL-4, IL-6, insulin, and PTH (8, 9,
13–19). This suggests that NFIL3 is the critical mediator to induce
cytokine-dependent cellular activation and differentiation.
We clearly demonstrated that B cells from NFIL3 KO mice

are greatly impaired in their ability to class switch to IgE in vitro
(Fig. 3). However, we also observed a slight reduction of IL-4

A 

B 

C 

L

L

Fig. 3. Impaired IgE production in NFIL3 KO B cells. (A) B cells from WT and
NFIL3 KO mice were stimulated with LPS/IL-4 for 5 days, and cell intracellular
expression of IgE and IgG1 was examined by flow cytometry. Two experi-
ments were performed with similar results. (B) Ig levels secreted by B cells
stimulated for 5 days with LPS (IgM, IgG2a, IgG2b, and IgG3) or LPS/IL-4 (IgE
and IgG1) were determined by ELISA (n = 3; *P = 0.0024). (C) Reduced GLε and
PSTε in NFIL3 KO B cells. Cells were unstimulated (open bars) or stimulated
with LPS alone (gray bars) or LPS/IL-4 (closed bars) for 3 and 5 days, after
which RNA was prepared. Germ-line transcript (GLT) and PST were analyzed
by real-time RT-PCR. Relative expression of GLT and PST was normalized by
the expression of Hprt1 mRNA. The expression of RNA in the unstimulated
WT cells was set as 1. The graphs represent means and SD from the three WT
mice and three NFIL3 KO mice (*P < 0.005, GLε expression between WT and
KO B cells stimulated with LPS/IL-4 for 3 days; **P < 0.02, PSTε expression
between WT and KO B cells stimulated with LPS/IL-4 for 5 days).

A B 

C 

D 

Fig. 4. Expression of NFIL3 is required for and promotes IgE class switching.
NFIL3 KO B cells (A) and WT B cells (B) were infected with either NFIL3 or
control retrovirus and cultured in the presence of LPS/IL-4 for 4 days. Over
95% of cells were infected with each virus according to the expression of
Thy1.1 by flow cytometry. The supernatants of cell culture were analyzed
by ELISA (n = 3; *P < 0.001, **P < 0.001). Three separate infections and
cultures were performed, and data are representative of three independent
cultures. (C) Overexpression of NFIL3 promotes early expression of GLε
transcription. M12NFIL3 and M12Vector cells were stimulated with LPS/IL-4
for the indicated time. RNAs and cell lysates were subjected to Northern blot
and Western blot analysis, respectively. The relative expression levels of
GLε transcripts were quantified and are shown in the graph. Two experi-
ments were performed with similar results. (D) Inhibition of NFIL3 induction
by CHX results in the reduction of GLε transcription. M12NFIL3 and
M12Vector cells pretreated with CHX were stimulated with LPS/IL-4 for the
indicated time. RNAs and cell lysates were subjected to Northern blot and
Western blot analysis, respectively. Two experiments were performed with
similar results.
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production by CD4+ T cells after OVA immunization in NFIL3
KO mice compared with WT mice in vivo (Fig. S9). In addition,
NK cell development is altered in these mice. Thus, the reduced
levels of IgE in NFIL3 KO mice may be multifactorial.
How does NFIL3 regulate IgE class switching? We hypothe-

size that NFIL3 regulates GLε transcription. ChIP experiments
demonstrated that NFIL3 could bind to Iε promoter region in
response to LPS/IL-4, although we could not find the consensus
binding sequence for NFIL3 in Iε promoter region. It has been
reported that the interaction of STAT6 with NF-κB promotes Iε
transcription (35, 36). Therefore, it is possible that NFIL3 can
interact with these transcription factors, and thereby regulate
GLε transcription. NFIL3 interacts with TATA-binding protein
(TBP)-binding protein Dr1 through its repression domain of
NFIL3, and, interestingly, non-DNA binding forms of NFIL3 can
activate transcription (37). Therefore, NFIL3 may positively
regulate GLε transcription with indirect binding to the sequence
in Iε promoter, and NFIL3 may interact with the other tran-
scriptional factors or coactivators. The experiments using CHX
treatment and overexpression of NFIL3 in M12.4.1 B cells
indicate that NFIL3 induction is required for the initiation of
GLε transcription. Reintroduction of NFIL3 into NFIL3 KO B
cells can restore impaired IgE class switching. This evidence also
supports the hypothesis that NFIL3 controls IgE class switching
by regulating GLε transcription. It has been suggested that
STAT6 activation by IL-4 is required for the direct regulation of
Iε and Aid promoter activity to induce IgE CSR (3). However,
our results clearly demonstrate that STAT6 is also required for
rapid NFIL3 induction to induce GLε transcription maximally in
response to LPS/IL-4, because a low level of induction of GLε
transcripts could be detected in spite of obvious activation of
STAT6 in the absence of NFIL3. Thus, our study provides an
additional mechanism by which IL-4-induced STAT6 activation
regulates GLε transcription.
The exposure of LPS (or CD40) and IL-4 induces IgE and

IgG1 class switching in murine B cells. The regulatory elements
in Iε and Iγ1 promoter regions, which contain STAT6, NF-κB,
AP1, and C/EBP sites, are very similar. However, NFIL3 defi-

ciency did not affect IgG1 class switching in vivo and had a small
effect in vitro. How are IgE and IgG1 class switching differently
regulated? Several reports demonstrate differential regulation of
Iε and Iγ1 promoter activities. The arrangement and affinity of
the transcription factor binding sites in the IL-4-responsive
region are different when the Iε and Iγ1 promoters are compared
(38). Interestingly, unique bZip proteins bind to these promoter
regions (38). The binding sequence of NFIL3 is very similar to
that of ATF, AP1, and C/EBP sites (10). Therefore, it is possible
that NFIL3 may interact with these regulatory elements differ-
ently in the IgE and IgG1 loci. Moreover, Iε promoter activity is
specifically regulated by 3′ enhancer region (39, 40). Indeed, our
analysis by ChIP experiments clearly showed that NFIL3 bound
to Iε promoter region but not to Iγ1 or Iγ2a promoter region,
indicating a specific contribution of NFIL3 to the regulation of Iε
promoter activity in response to IL-4 (Fig. 5). Moreover, we
observed that IL-4 production by CD4+ T cells after OVA
immunization was slightly decreased in NFIL3 KO mice com-
pared with WT mice (Fig. S9). This reduction may have some
effect on NFIL3-mediated IgE but not on IgG1 class switching in
part in vivo. IL-4 regulation of NFIL3 may account for the
mechanism by which the serum IgE levels are kept at low levels,
and IL-4 regulates IgE and IgG1 class switching differentially.
NFIL3 is well studied in the regulation of circadian oscillation

of gene expression (23, 41, 42). Recently, the release of hema-
topoietic stem cells has been shown to be regulated by circadian
oscillation, and a chemokine CXCL12 has been shown to play a
role in the regulation of this fluctuation (43). It is of interest to
examine the relation between circadian rhythm and immune
response. In the experimental asthma model, IgE-mediated ac-
tivation of mast cells and other cells has been implicated in airway
hyperresponsiveness and cellular infiltration (44). Therefore, it
might be valuable to examine if NFIL3 deficiency alters asthmatic
phenotypes in the experimental asthma model. Clinically, the
relation between diurnal variations in lung physiology and noc-
turnal asthma has been well documented (45, 46). Thus, NFIL3
has multiple functions not only in B cells but in the other cell types
in the regulation of allergic responses. Therefore, NFIL3
expression in the local tissues may be a mechanism to regulate
allergic diseases.

Materials and Methods
Mice. All mice were bred and maintained under pathogen-free conditions.
Mice aged 8–10 weeks with a 129× C57BL/6 mixed background were used for
all experiments, except for STAT6 KO mice (BALB/c), which were obtained
from the Jackson Laboratory. All experimental mouse protocols adhered to
Institutional Animal Care and Use Committee (IACUC) guidelines and were
approved by the IACUC of the University of Iowa. The generation of NFIL3
KO mice is described in SI Materials and Methods.

Other Materials and Methods. Detailed methods, including cell culture,
Western blotting, flow cytometry, immunization, ELISA, retroviral infection,
quantitative RT-PCR, and ChIP experiments, are described in SI Materials
and Methods.
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SI Materials and Methods
Generation of NFIL3 KO Mice. To generate the targeting vector, a
1.8-kb fragment containing the intron sequence upstream of
coding exon 2 and a 7.6-kb fragment containing the sequence
downstream of coding exon 2 were amplified by Platinum Taq
DNAPolymeraseHighFidelity (Invitrogen) using genomicDNA
prepared from W4 ES cells as a template (Fig. S2A). These
fragments were cloned into pBluescript II plasmid and then
cloned into pPNT targeting vector. The targeting construct was
digested with NotI for linearization and was purified for trans-
fection in W4 ES cells. G418- and ganciclovir-resistant colonies
were analyzed for homologous recombination by PCR assay and
Southern blot analysis (Fig. S2B andC). GenomicDNA from the
cells was digested with EcoRI and hybridized with the external
probe (Fig. S2A). One of the clones with successful homologous
recombination was used for microinjection into C57BL/6 blas-
tocysts, which were then transferred to pseudopregnant foster
mothers. Male chimeric mice were mated with C57BL/6 female
mice, and PCR assay and Southern blot analysis were performed
to verify germ-line transmission using tail DNA of F1 offspring
with agouti coat color. The routine genotyping was performed by
PCR assay (Fig. S2D). The following primers were used for
screening ES cells: forward, 5′-GCTTGCTGTGCAAACC-
CAATGACC-3′; reverse, 5′-CGATGTCCAGTGTCTTCCT-
TA-3′. The following primers were used for screening mice:
forward (WT), 5′-GGAGATGGATGCCTCAGTTGGGGT-3′;
forward (KO), 5′-ACGAGACTAGTGAGACGTGC-3′; reverse
(common), 5′-CGATGTCCAGTGTCTTCCTTA-3′. Trans-
fection and drug screening of ES cells were performed at the
Gene Targeting Facility of the University of Iowa.

Flow Cytometry Analysis. For intracellular Ig staining, cells were
fixed and permeabilized in 70% (vol/vol) ethanol. Ten millimolar
EGTA was included in the staining buffer to prevent the de-
tection of secreted IgE bound to CD23. Cell suspensions pre-
pared from bone marrow, spleen, thymus, and peritoneal cavity
were subjected for staining using a combination of the following
antibodies: B220 [FITC, phycoerythrin (PE), Allophycocyanin
(APC)], CD3 (FITC), CD4 (PE-Cy7), CD8 (PE), CD43 (biotin),
CD21 (FITC), CD23 (PE), CD44 (FITC), CD62L (APC), Mac-1
(FITC), Gr-1 (PE), Ter119 (PE), and Pan-NK (PE) were pur-
chased from BD Biosciences; IgD (FITC), IgM (PE), CD25 (PE,
APC), CD3 (APC-eFluor780), NKp46 [peridinin chlorophyll
protein (PerCP)-eFluor710], and IL-4 (APC) were purchased
from eBioscience; and, if necessary, avidin (FITC, PE, PerCP,
and APC) was purchased from BD Biosciences. Intracellular Ig
was stained using the following antibodies: FITC-conjugated
anti-IgG1 (BD Biosciences) and PE-conjugated anti-IgE (Biol-
egend). Cells were analyzed with LSR II (BD Biosciences), and
data were interpreted with CellQuest (BD Biosciences).

Northern Blot Analysis and Real-Time RT-PCR. For Northern blot
analysis, 20 μg of total RNA was separated on 1% agarose gel
containing formaldehyde and blotted onto Hybond-XL mem-
brane (Amersham). The membranes were hybridized with 32P-
labeled cDNA probes as indicated and detected by auto-
radiography. For real-time PCR, 1 μg of total RNA was con-
verted to cDNA using the SuperScript First-Strand Synthesis
System (Invitrogen), and the 7900HT Fast Real-Time PCR
System was used with SYBR GREEN PCRMaster Mix (Applied
Biosystems). RNA expression was normalized to the expression
of Hprt1. The following primers were used: Nfil3 forward, 5′-

TTCCCCCTCACGGACCAGGGA-3′; Nfil3 reverse, 5′-CAT-
GGCGTCTTTCTTCTCGTCCGG-3′; Hprt1 forward, 5′-GTT-
GGATACAGGCCAGACTTTGTTG-3′; Hprt1 reverse, 5′-GA-
TTCAACTTGCGCTCATCTTAGGC-3′; GLε forward, 5′-GC-
ACAGGGGGCAGAAGAT-3′; GLε reverse, 5′-CCAGGGT-
CATGGAAGCAGTG-3′; GLγ1 forward, 5′-TCGAGAAGCCT-
GAGGAATGT-3′; GLγ1 reverse, 5′-ATAGACAGATGGGG-
GTGTCG-3′; GLγ3 forward, 5′-TGGGCAAGTGGATCT-
GAACA-3′; GLγ3 reverse, 5′-CTCAGGGAAGTAGCCTTT-
GACA-3′; GLγ2b forward, 5′-CACTGGGCCTTTCCAGAA-
CTA-3′; GLγ2b reverse, 5′-AGTTGTATCTCCACACCCAG-
GG-3′; PSTε forward, 5′-TTGGACTACTGGGGTCAAGG-3′;
PSTε reverse, 5′-CAGTGCCTTTACAGGGCTTC-3′.

Western Blot Analysis. Cell lysates were prepared in lysis buffer
[50 mM Tris-HCl (pH 8.0), 1% Nonidet P-40, 150 mM NaCl with
protease inhibitor mixture obtained from Roche]. Proteins were
subjected for SDS/PAGE and transferred onto Immobilon PVDF
membrane (Millipore). Membranes were probed with the anti-
bodies below and detected with an ECL detection system
(Amersham). The following antibodies were used: goat anti-
NFIL3 and rabbit anti-STAT6 (Santa Cruz); rabbit anti-actin
(Sigma); and rabbit anti-phospho-STAT6, rabbit anti-Akt, and
rabbit anti-phospho-Akt (Cell Signaling Technology).

Immunization and Detection of Ig Levels by ELISA. Mice were
immunized with OVA and alum (Pierce) by i.p. injection on day 0
andday 14, and serumwas corrected onday 28 after immunization.
Total IgM, IgG1, IgG2a, IgG2b, IgG3, IgA, or IgE in serum and
culture supernatants was captured with anti-IgM, anti-IgG1, anti-
IgG2a, anti-IgG2b, anti-IgG3, anti-IgA, or anti-IgE antibody
coated in 96-well MaxiSorp plates (NUNC) and detected with
biotin-conjugated anti-IgM, anti-IgG1, anti-IgG2a, anti-IgG2b,
anti-IgG3, anti-IgA, or anti-IgE, followed by alkaline phosphatase
(AP)-conjugated avidin with p-nitrophenyl phosphate (pNPP) as a
substrate (Sigma). For the detection of OVA-specific IgE, OVA-
specific IgE was captured with OVA coated in 96-well MaxiSorp
plates (100 μg/mL) and detected with biotin-conjugated anti-IgE,
followed by AP-conjugated avidin with pNPP. All antibodies and
avidin used for ELISA were obtained from BD Biosciences.

B-Cell Culture for Class Switching. Splenic resting B cells were
purified by negative selection using anti-CD43-conjugated
microbeads (Miltenyi). Purified B cells were cultured at 0.5 × 106

cells/mL in RPMI medium supplemented with 10% (vol/vol)
FCS in the presence of LPS (50 μg/mL) or LPS plus IL-4 (500 U/
mL) for the indicated periods.

Proliferation and Cell Division Assay. Purified B cells were seeded
at a density of 105 cells per well in a 96-well plate in complete
RPMI 1640 with varying final concentrations of anti-IgM anti-
body (3 μg/mL and 10 μg/mL), anti-CD40 (3 μg/mL), LPS (3 μg/mL),
mIL-4 (500 U/mL), and a combination of LPS (3 μg/mL) and
mIL-4 (500 U/mL) in triplicate. One μCi of [3H]-thymidine
(NEN Life Science Products) was added 56 h after stimulation,
followed by incubation for 16 h before analysis. [3H]-thymidine
incorporation was measured by a scintillation counter. For the
cell division assay, purified B cells were washed with plain RPMI
medium 1640 twice and resuspended in plain RPMI medium
1640 at 1 × 107 cells/mL. Carboxyfluorescein succinimidyl ester
(CFSE) was added to 10 μM at a final concentration and in-
cubated for 15 min at 37°C. An equal volume of serum was
added to the cell suspension and incubated for 30 min at 37°C to
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quench the unlabeled CFSE. The labeled cells were washed with
complete RPMI medium 1640 twice and cultured under the
condition to induce class switching.

Retroviral Infection. Retroviral construct was prepared by cloning
the coding region of NFIL3 into the retroviral vector pMiT (a
kind gift from Thomas Mitchell, Louisville, KY). Purified splenic
B cells activated with LPS overnight and M12.4.1 cells were spin-
infected with the viruses produced by transient transfection of
viral constructs into 293T cells. For M12.4.1 cells, Thy1.1+ cells
were sorted by flow cytometry; purity was confirmed by Thy1.1
staining, and NFIL3 expression was confirmed by Western blot
analysis.

ChIP. Soluble formaldehyde cross-linked chromatin was prepared
fromstimulatedor unstimulated cells in SDS lysis buffer [50mMTris
(pH 8.1), 1% SDS, 10 mM EDTA with protease inhibitor mixture
from Roche) and diluted at a ratio of 1:10 with ChIP dilution buffer
[16.7mMTris (pH 8.1), 167mMNaCl, 1.2mMEDTA, 0.01%SDS,
1.1% (vol/vol) Triton X-100 with protease inhibitor mixture). The
diluted chromatin-containing lysates were precleared with Protein
G-agarose/salmon sperm DNA (Millipore), and the im-
munoprecipitating antibodies were then added to the lysates. The
following antibodies were used for immunoprecipitation: goat anti-
NFIL3 and normal goat IgG (Santa Cruz). The immunoprecipitated
chromatins were recovered by addition of Protein G-agarose/sal-
mon sperm DNA and washed extensively with low-salt wash buffer
[20 mMTris (pH 8.1), 150 mMNaCl, 2 mMEDTA, 0.1% SDS, 1%

Triton X-100], high-salt wash buffer [20 mMTris (pH 8.1), 500 mM
NaCl, 2mMEDTA, 0.1%SDS, 1%TritonX-100], LiCl wash buffer
[10 mMTris (pH 8.1), 250 mMLiCl, 1 mMEDTA, 1% deoxycholic
acid, 1% Nonidet P-40], and TE [10 mM Tris (pH 8.0), 1 mM
EDTA)] (TE). Antibody/chromatin complex was released from
agarose beads in elution buffer (1% SDS, 0.1 M NaHCO3), and the
cross-linking was reversed in the presence of 0.2 M NaCl at 65°C
overnight. The reverse cross-linked chromatin was treated with
RNase A and then Proteinase K, and immunoprecipitated chro-
matin DNA fragments were purified and eluted in TE with a PCR
purification kit (Qiagen). NFIL3 binding was calculated using the
cycle threshold values obtained for the boundDNA and input DNA
by real-time PCR as above. The following primers were used: Iε
forward, 5′- GCCTCAGGGCAGTGACACTC-3′; Iε reverse, 5′-
GCCTCAGTGCCCTCAGCTAA-3′; Iγ1 forward, 5′-GAGTCT-
CAAGGGTACCGCCTCA-3′; Iγ1 reverse, 5′-CAGAGTCACA-
GCCTTTGTCCCA-3′; Iγ2a forward, 5′-CTGTCACCCACTTTC-
AATCCTG-3′, Iγ2a reverse, 5′- GCGTGAAGAAGATTGCTGC-
TATT-3′; β-globin forward, 5′- GCCTTGCCTGTTCCTGCTC-3′;
β-globin reverse, 5′- CAGACCATAAACTGTATTTTTCTTA-
TTGAGCCC-3′.

Detection of Phospho-NFIL3.Cell lysates from LPS- or LPS plus IL-
4-stimulated M12.4.1 cells were prepared as above and treated
with λ-protein phosphatase (Millipore) at 37°C for 2 h. NFIL3
was detected by Western blot analysis as above.

NFIL3

- +

LPS

- +

LPS/IL-4

: phosphatase

Actin

Fig. S1. NFIL3 is phosphorylated in B cells. M12.4.1 cells were stimulated with LPS or LPS plus IL-4, and cell lysates were treated with λ-protein phosphatase,
followed by Western blot analysis with anti-NFIL3 antibody. Similar results were obtained from three experiments.

Fig. S2. Targeted disruption of the Nfil3 gene. (A) Strategy for homologous recombination in ES cells. Exon 2 of the Nfil3 gene, which includes all coding
sequences, was replaced by a Neor gene cassette. Southern blot probe and PCR primer sets used for genotyping are indicated. E, EcoRI; TK, thymidine kinase.
(B) PCR analysis of ES clones. (C) Southern blot analysis of EcoRI-digested DNA prepared from tail snips. (D) PCR analysis of tail DNA. (E) Detection of NFIL3
protein in IL-4-stimulated splenocytes from WT and NFIL3 KO mice. Cell lysates were prepared from IL-4-stimulated splenocytes and subjected to Western blot
analysis.
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Fig. S3. Flow cytometric analysis of hematopoietic development in NFIL3 KO mice. (A) B220 and CD43 expression on bone marrow B cells. (B) B (B220+) and
T (CD3+) cells in spleen. (C) IgD and IgM expression on B220+ splenocytes. (D) CD21 and IgM expression on B220+CD23− splenocytes for marginal zone B cells (E)
B-1 B cells in peritoneal cavity. (F) CD4 and CD8 expression on thymocytes. (G) CD25 and CD44 expression on CD4−CD8− double negative thymocytes. (H) γδ-T-
cell receptor (γδ-TCR) population in thymus. (I) CD4 and CD8 on spleen T cells. (J) CD62L and CD44 on spleen CD4+ T-cell splenocytes. Myeloid cell compartments
in bone marrow (K) and spleen (L). (M) Erythroid cells in bone marrow. (N) NK cells in CD3− splenocytes. Data are representative of at least four independent
experiments.
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Fig. S4. IL-4/STAT6-dependent Nfil3 induction by OVA immunization. WT and STAT6 KO mice (n = 4) were unimmunized (gray bars) or OVA-immunized
(closed bars) twice, and RNA was purified from splenic B cells. Relative expression of Nfil3 was determined by real-time RT-PCR, with normalization by the
expression of Hprt1 mRNA. The expression of Nfil3 mRNA in the unimmunized WT mice was set as 1.

Fig. S5. Normal expression of IgG3 and IgG2b. B cells from WT and NFIL3 KO mice were stimulated with LPS for 5 days, and cell surface expression of IgG3 and
IgG2b was examined by flow cytometry. Four experiments were performed with similar results.
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Fig. S6. Reduced GLε transcript and PSTε in NFIL3 B cells. Cells were stimulated with LPS plus IL-4 for the indicated periods, after which RNA was prepared. The
ε-transcripts were detected using a probe derived from the C region of IgE cDNA. Post switch transcript for IgE blots were also probed with DNA fragments
specific for Nfil3 and Gapdh mRNA. Similar results were obtained from two experiments.

- +
KO

- +
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Fig. S7. Normal STAT6 and Akt activation in NFIL3 KO B cells. WT and NFIL3 KO splenic B cells were stimulated with LPS overnight, and cells were then
stimulated with IL-4 for 1 h (STAT6) or 30 min (Akt), after which cell lysates were prepared for Western blot analysis. Activation of STAT6 (A) and Akt (B) was
assessed using anti-phospho-STAT6 and anti-phospho-Akt antibodies, respectively. Two experiments were performed with similar results.
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Fig. S8. Normal proliferation and cell division of NFIL3 KO B cells. (A) Purified splenic B cells from WT (closed bars) and KO (gray bars) mice were cultured in
medium alone, anti-IgM (3 μg/mL and 10 μg/mL), anti-CD40 (3 μg/mL), LPS (3 μg/mL), murine IL-4 (mIL-4) (500 U/mL), and a combination of LPS (3 μg/mL) and
mIL-4 (500 U/mL). Mean values of [3H]-thymidine incorporation are indicated. Three experiments were performed with similar results. Unstim, unstimulated. (B)
Cell division numbers were determined by CFSE staining. Purified B cells were labeled with CFSE and cultured in the presence of LPS and IL-4 for 5 days.
Harvested cells were analyzed by flow cytometry. Three experiments were performed with similar results.
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Fig. S9. IL-4 producing CD4+ T cells in NFIL3 KO after OVA immunization. Splenocytes from OVA-immunized WT (n = 4) and NFIL3 KO (n = 4) mice were
stimulated with phorbol 12-myristate 13-acetate (50 ng/mL) and ionomycin (500 ng/mL) for 4 h in the presence of Brefeldin A and intracellular IL-4 staining and
was analyzed by flow cytometry.
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Table S1. Comparison of cellularity between WT and NFIL3 KO mice

WT mice KO mice

Spleen, ×107 cells
Total cell no. 14.7 ± 1.4 15.4 ± 1.1

B220+ 7.1 ± 2.1 7.4 ± 2.0
CD3+ 4.3 ± 0.9 4.9 ± 0.9

CD4+ 2.7 ± 0.7 3.3 ± 0.7
CD8+ 1.4 ± 0.2 1.4 ± 0.2

Mac-1+Gr-1+ 0.4 ± 0.2 0.4 ± 0.1
pan-NK+NKp46+CD3− 0.49 ± 0.24 0.02 ± 0.005

Bone marrow, ×106 cells/femur
Total cell no. 15.5 ± 6.4 15.1 ± 4.0

B220+ 1.7 ± 0.7 1.7 ± 0.5
Fr. A–C 0.11 ± 0.03 0.13 ± 0.07
Fr. D–F 1.6 ± 0.7 1.5 ± 0.4

Mac-1+Gr-1+ 6.1 ± 1.3 6.1 ± 1.6
Ter119+ 0.20 ± 0.12 0.20 ± 0.10

Thymus, ×107 cells
Total cell no. 15.6 ± 1.6 14.7 ± 1.7

CD4+CD8+ 12.9 ± 1.3 11.7 ± 1.1
CD4+CD8− 1.7 ± 0.4 2.0 ± 0.
CD4−CD8+ 0.6 ± 0.1 0.6 ± 0.1

Based on the percentages and cell numbers of tissues from WT and NFIL3 KO mice by flow
cytometry, cell numbers of each cell type were determined. Data were obtained from at least four
mice in each group.
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