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Role of epiregulin in peptidoglycan-induced proinflammatory
cytokine production by antigen presenting cells
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Abstract

We have previously found that epiregulin, a member of epidermal growth factor superfamily, is involved in proinflammatory cytokine
production in bone marrow-derived macrophages. In this report, to further assess the role of epiregulin in innate immunity, we measured
IL-6 production levels upon lipopolysaccharide and peptidoglycan stimulation in antigen presenting cells including macrophages and
dendritic cells. Our analyses using epiregulin-deficient mice with mixed and inbred genetic backgrounds revealed that epiregulin deficien-
cy results in the reduction of IL-6 production levels in both cell types upon peptidoglycan stimulation, and that the extent of this reduc-
tion is more evident under the BALB/c background compared with the C57BL/6J background. These results indicated that epiregulin
may have a critical role in the regulation of peptidoglycan-mediated proinflammatory cytokine production in antigen presenting cells and
innate immunity.
� 2005 Elsevier Inc. All rights reserved.
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Epiregulin (EP) is one of the ligands for the epidermal
growth factor receptor (EGFR) [1], originally purified from
conditioned medium of the fibroblast-derived tumor cell
line NIH3T3/T7 [2], and subsequently characterized to be
an autocrine growth factor in keratinocytes in vitro [3]. Re-
cent further studies revealed that EP functions in cellular
signaling pathways in a wider variety of cell types [3–7].
EP has been shown to act as a major autocrine/paracrine
factor in the differentiation of vascular smooth muscle cells
[4,5], and as one of the paracrine mediators that propagate
luteinizing hormone signals in the ovarian follicle [6]. How-
ever, EP functions in vivo still seem to be largely unknown.
We independently identified EP as a gene up-regulated in
cancer cells and demonstrated that its overexpression
enhances cellular tumorigenicity in nude mice [7]. We also
showed that, like many other EGF family members [9–11],
EP exists as a membrane-bound form and a mature secret-
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ed form that is produced by the ectodomain shedding of
the membrane-bound form [7,8].

To elucidate the physiological functions of EP, we estab-
lished EP-deficient (EP�/�) mice using gene targeting tech-
niques. Interestingly, EP�/� mice showed atopy-like
dermatitis [8]. Detailed analyses of the EP�/� mice revealed
that EP plays essential roles in immune/inflammatory-re-
lated responses in keratinocytes and macrophages at the
barrier from the outside milieu, and that secreted and
membrane-bound forms of EP have distinct functions.

The secreted form of EP is involved in the proper regu-
lation of IL-18 in karatinocytes, and the membrane-bound
form of EP is involved in the proinflammatory cytokine
production in response to Toll-like receptor (TLR) ago-
nists in tissue resident macrophages [8].

During these analyses, EP was found to be highly ex-
pressed not only in epidermal cells but also in antigen pre-
senting cells (APCs) that are present in secondary
lymphatic tissues. Here, we characterized a critical role of
EP in APCs in innate immune responses. Comparison of
EP�/� and wild-type derived APCs in response to TLR
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agonists revealed that EP has a pivotal role in peptidogly-
can-induced proinflammatory cytokine production.
Fig. 1. TLR agonist-induced IL-6 production by BMDCs derived from
EP�/� (129/Sv · C57BL/6J). IL-6 levels were measured without stimula-
tion (�), and with LPS and PGN stimulation in BMDCs derived from
EP�/� (129/Sv · C57BL/6J) mice and wild-type control mice with the
same mixed genetic background. Data shown are means ± SD of
triplicates in one experiment. Similar results were obtained in three
independent experiments. Open bars, wild-type mice; solid bars, EP�/�

mice. The statistical difference was determined by Student�s t test.
*p < 0.05.
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Materials and methods

Generation of the EP�/� lines with inbred genetic backgrounds. Male F1
hybrid mice (129/Sv · C57BL/6J) heterozygous for the EP-knockout allele
[8] were mated with BALB/c or C57BL/6J female mice (6–8 weeks old).
Male offspring heterozygous for the EP-knockout allele were backcrossed
with BALB/c or C57BL/6J. After the backcross mating was repeated for
eight generations, heterozygous offspring were intercrossed to obtain
EP�/� mice. In this study, the original EP�/� mice with the mixed
genetic background is referred to as EP�/� (129/Sv · C57BL/6J), and
thenewly established inbred EP�/� lines as EP�/� (BALB/c) and EP�/�

(C57BL/6J).
Preparation of bone marrow-derived macrophages and dendritic cells.

Bone marrow-derived macrophages and dendritic cells were prepared
using the culture conditions described previously [12,13]. Briefly, to induce
the proliferation of macrophages, bone marrow cells were plated in 10-cm
plastic plates with 10% fetal calf serum (FCS) in RPMI1640 supplemented
with 100 ng/ml of recombinant murine M-CSF (R&D). On day 7,
adherent cells were collected with a scraper. To induce the proliferation of
dendritic cells, bone marrow cells were plated in 10-cm plates with 10%
FCS in RPMI1640 supplemented with 10 ng/ml of recombinant murine
GM-CSF (PEPROTEC). On day 6, loosely adherent cells were collected
by gentle pipetting. The collected macrophages and dendritic cells were
subjected to cytokine production assays.

Cell staining and flow cytometry. Single-cell suspensions were incubated
at 2 · 105 cells/100 ll on ice in the staining buffer (phosphate-buffered
saline containing 2.5% FCS and 0.01% NaN3) with monoclonal antibodies
for 15 min [12]. The antibodies used are anti-CD40, anti-CD11b, and anti-
CD11c (BD Pharmingen). Stained cells were analyzed using a FACS
Caliber and the Cell Quests software (Becton–Dickinson).

Measurement of TLR agonist-induced IL-6 production levels. Bone
marrow-derived macrophages or dendritic cells were cultured in 24-well
plates (5 · 105 per well) for 24 h and stimulated with lipopolysaccharide
(LPS) (1 lg/ml) or peptidoglycan (PGN) (10 lg/ml). After 24 h incuba-
tion, the culture supernatants were subjected to ELISA kit (BioSource).
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Fig. 2. TLR agonist-induced surface expression of CD40 by BMDMs
measured by fluorescence-activated cell sorting (FACS) analysis. (A)
EP�/� (BALB/c) and its wild-type control. (B) EP�/� (C57BL/6J) and its
wild-type control. Experiments were repeated three times in triplicates,
and similar results were obtained. Surface expression levels of CD40 in
BMDCs were also similar between the inbred EP�/� lines and their
wild-type controls (data not shown).
Results

We measured IL-6 production levels in bone marrow-
derived dendritic cells (BMDCs) in response to LPS and
PGN. Upon PGN stimulation, the IL-6 level was remark-
ably lower in the BMDCs derived from EP�/� (129/
Sv · C57BL/6J) compared with the control BMDCs de-
rived from wild-type mice (Fig. 1). However, there was
no significant difference in the IL-6 levels between the
EP�/� and the wild-type derived BMDCs upon LPS
stimulation.

To assess the possibility of genetic backgrounds inter-
fering with this difference, we established EP�/� mice with
inbred genetic backgrounds, BALB/c and C57BL/6J,
through eight generations of successive backcross mat-
ings. First, we measured the surface expression levels of
CD40, a co-stimulatory molecule, in bone marrow-derived
macrophages (BMDMs) and BMDCs in response to LPS
and PGN. The CD40 levels were similar between the
EP�/�-derived and the corresponding wild-type derived
cells upon both LPS and PGN stimulation under both
inbred genetic backgrounds (Figs. 2A and B). These re-
sults confirm our previous finding from the analyses of
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EP�/� (129/Sv · C57BL/6J) that EP-deficiency does not
affect the surface expression levels of co-stimulatory mol-
ecules [8].

Next, we measured IL-6 production levels in BMDMs
and BMDCs derived from the two inbred EP�/� lines and
the corresponding wild-type control littermates. Upon
LPS stimulation, in both cell types and under both genetic
backgrounds tested, no significant difference was observed
in the IL-6 production levels between EP�/�-derived and
wild-type derived cells (Figs. 3A–D). Upon PGN stimula-
tion, the statistically significant reduction of IL-6 produc-
tion levels in EP�/�-derived cells was observed in both
BMDMs and BMDCs under the BALB/c background
(Figs. 3A and B), whereas it was observed only in
BMDMs under the C57BL/6J background (Figs. 3C
and D). In BMDCs derived from EP�/� (C57BL/6J),
the IL-6 production levels were consistently lower com-
pared with the wild-type control upon PGN stimulation;
however, the difference was not statistically significant
(Fig. 1D). These results, together, indicated that the
PGN-induced IL-6 production by APCs is reduced due
to epiregulin-deficiency and that the reduction is more evi-
dent under the BALB/c background compared with the
C57BL/6J background.
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Fig. 3. TLR agonist-induced IL-6 production by antigen presenting cells
derived from inbred EP�/� lines. (A) BMDMs derived from wild-type and
EP�/� BALB/c. (B) BMDCs derived from wild-type and EP�/� BALB/c.
(C) BMDMs derived from wild-type and EP�/� C57BL/6J. (D) BMDCs
derived from wild-type and EP�/� C57BL/6J. Data shown are
means ± SD of triplicates in one experiment. Similar results were obtained
in three independent experiments. Open bars, wild-type mice; solid bars,
EP�/� mice. The statistical differences were determined by Student�s t test.
*p < 0.05; **p < 0.005.
Discussion

Our findings from this and previous studies demonstrat-
ed the critical role of EP in the PGN-induced proinflamma-
tory cytokine production by APCs. Recently, the
proteolytically released carboxy-terminal fragments of two
EGF family members, HB-EGF and Neuregulin-1, are
reported to be translocated into the nucleus, culminating
in transducing cellular signals [14,15]. Therefore, a possibil-
ity exists that the carboxy-terminal fragment of EP may act
in a similar manner in the PGN-induced signaling. Addition
of the soluble form of EP (sEP) or a EGFR blocker did not
affect the PGN-induced IL-6 production levels in EP�/�

and wild-type BMDMs (data not shown), indicating that
the membrane-anchored form, but not sEP, will be involved
in the PGN-mediated signaling pathway(s).

We chose BALB/c and C57BL/6J as inbred genetic
backgrounds to carry the EP knockout allele homozygous-
ly, because these strains are known to express different
immune responses due to polymorphisms in immune-relat-
ed genes. In our previous analysis on EP�/� (129/
Sv · C57BL/6J), proinflammatory cytokine production
levels were remarkably reduced in the EP�/� macrophages
compared with the wild-type control not only on PGN but
also on LPS stimulation [8]. However, no significant differ-
ence in the LPS-induced IL-6 production was observed be-
tween the macrophages derived from EP�/� (BALB/c) and
EP�/� (C57BL/6J), suggesting that the reduction of LPS-
induced IL-6 production observed in BMDMs from EP�/

� (129/Sv · C57BL/6J) [8] might be due to genetic poly-
morphisms in the 129/Sv strain.

The PGN-induced IL-6 production levels in EP�/� mice
tended to be more remarkably reduced under the BALB/c
background than the C57BL/6J background. It is known
that BALB/c and C57BL/6J are biased towards Th2 and
Th1 differentiation, respectively, and that BALB/c shows
higher serum IgE levels compared with C57BL/6J [16].
Therefore, EP�/� (BALB/c) mice will be a useful model
to further elucidate EP functions in the PGN signaling, in-
nate immunity, and allergic inflammation.
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