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TLR2 deficiency promotes IgE and inhibits
IgG1 class-switching following ovalbumin
sensitization
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Abstract

Background: To explore the roles of Toll-like receptor (TLR)2 in Th2 cytokine production and immunoglobulin (Ig)
class switching following ovalbumin (OVA) sensitization.

Methods: TLR2−/− and wild-type C57BL/6 mice were sensitized by intraperitoneal injection with OVA. Lung
pathology was assessed by hematoxylin and eosin staining. Abundance of interleukin (IL)4, IL5, IL13, and IL21
transcripts in the lungs was quantified by RT-PCR. OVA-specific IgG1, IgG2a, IgG2b, IgE and IgM were quantified by
enzyme-linked immunosorbent assay. Phosphorylated signal transducer and activator of transcription (STAT)3 in
lung tissue was detected by immunohistochemistry staining and nuclear factor (NF) κB activation was measured by
immunofluorescence staining. STAT3 activation was inhibited using cryptotanshinone (CPT) treatment. Germline
transcripts (Iμ-Cμ, Iγ-Cγ, Iα-Cα or Iε-Cε), post-recombination transcripts (Iμ-Cγ, Iμ-Cα or Iμ- Cε) and mature transcripts
(VHDJH-Cγ, VHDJH-Cα or VHDJH-Cε) were analyzed from splenic B cells of OVA-sensitized wild-type mice (with or
without CPT treatment) and TLR2−/− mice (with or without IL21 treatment).

Results: The lungs of TLR2−/− mice showed a lesser degree of inflammation than wild-type mice after OVA
sensitization. Following OVA sensitization, levels of IL4, IL13, and IL21, but not IL5, were significantly lower in
TLR2−/− compared with wild-type mice. Moreover, OVA-specific IgG1 and IgE titers were markedly lower and higher,
respectively, in TLR2−/− mice. TLR2 deficiency inhibited STAT3 activation but not NF-κB p65 activation. CPT
treatment reduced IgG1 titers via inhibition of Stat3 phosphorylation. Both TLR2 knockout and CPT treatment
reduced the frequencies of Iγ1-Cγ1, Iγ3-Cγ3 and Iα-Cα transcripts, but IL21 treatment compensated for the effects of
TLR2 deficiency.

Conclusion: These results suggest a role of TLR2 in restricting OVA-sensitized lung inflammation via promotion of
IgG1 and inhibition of IgE class switching regulated by IL21 and STAT3.
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Background
Asthma and allergic diseases have become major public
health concerns of the twenty-first century in developed
countries [1]. Two phases are involved in the

development of allergic disease: sensitization and elicit-
ation. The effects of sensitization are critical but delayed,
and allergic diseases could be cured if sensitization can
be avoided.
A key event in the pathogenesis of sensitization is the

production of IgE antibodies. IgE plays a central role in
allergic immune responses and is essential for host
defense against pathogens in mucosal tissues [2]. Other
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critical immunoglobulin (Ig) isotypes exist in serum and
mucosal secretions, including IgA, IgM and IgG [3].
Normally, serum levels of IgE are very low compared
with IgG, but elevated levels of IgE are observed in pa-
tients with allergic diseases [4]. Reducing IgE concentra-
tions alters allergic immune responses such as those
observed in asthma and hyper-IgE disorder [5]. How-
ever, bronchial inflammation in response to allergen in-
halation can occur in the presence or absence of IgE [6].
Moreover, IgE is not required for the induction of
marked allergic airways inflammation in response to in-
haled allergens in mouse models. Allergic diseases are
typically characterized by a type 2-biased inflammation.
Accumulating evidence indicates that antigen-specific
Th2 cells and their cytokines such as IL-4, IL-5, and IL-
13 orchestrate these pathognomonic features of allergic
diseases. Administration of IL15, but not allergen-
specific IgE, to sensitized, IL4–deficient mice prior to al-
lergen airway challenge restored eosinophilic airway in-
flammation [7]. It is well established that certain
cytokines regulate Ig isotype switching in vitro and
in vivo and that these same cytokines also stimulate
germline Ig CH gene transcription [8]. In the mouse, IL4
stimulates germline γ1 and ε-Ig gene transcription [9–
11]. IL4 and IL13 are closely related cytokines that are
produced by Th2 cells. IL4−/− and IL4/IL13−/− mice pro-
duced almost no IgE and were highly resistant to OVA-
induced diarrhea, whereas allergic diarrhea was only par-
tially impaired in IL13−/− and IL13Ralpha1−/− mice [12].
IL-21 is a pleiotropic cytokine that can influence the ac-
tivation, differentiation, and expansion of B and T cell
effector subsets. IL21 has a significant influence on regu-
lation of B cell function in vivo and cooperates with IL4
[13]. IL21 has been recognized to suppress IL4-induced
IgE production by murine B cells. IL21R deficiency was
associated with increases in phosphate-buffered sali-
ne(PBS)- and allergen-driven IgE levels, while IgG1 and
IgG2a levels were decreased [14]. Surface antibody-
positive B cells, at this stage, remain sensitized to the
allergen.
Nuclear transcription factors play important roles in

sensitization and antibody production. Both IL4 and
IL13 activate signal transducer and activator of tran-
scription factor 6 (STAT6) [15]. Wan et al. reported that
IL21-mediated induction of STAT1 phosphorylation was
higher in CD4+ T cells from patients with autosomal
dominant hyper-IgE syndrome (which is caused by
STAT3 deficiency) as well as in cells from patients with
STAT1 gain-of-function mutations [16].
Toll-like receptors (TLRs) play critical roles in direct-

ing the course of acquired immune responses. B cell-
restricted MyD88-knockout mice showed reduced IgE/
IgG1 production in response to lung inhalation of ov-
albumin (OVA) [17]. TLR2-specific ligands (except

peptidoglycan) augmented secretion of histamine or leu-
kotriene C4 in response to IgE-dependent activation and
secretion of IL13 in response to IgE-independent stimu-
lation [18]. Class switch recombination (CSR) to specific
Ig isotypes requires NF-κB transcription factors in B
cells. NF-κB composition in B cells is also highly regu-
lated and can vary significantly depending upon how B
cells are activated [19].
Our previous report [20] suggested that TLR2 knock-

out in mice alleviated asthma. Levels of p38/AKT/ NF-
κB p65 and phosphorylated (p) extracellular signal-
regulated kinase (ERK) were decreased in the lungs of
OVA-sensitized and -challenged TLR2−/− mice. Redecke
et al. [21] reported that activation of TLR2 before
sensitization heightened experimental asthma. However,
TLR2 activation immediately prior to intranasal chal-
lenge reduced allergic airway inflammation [22–25].
More work is required to understand the varied roles of
TLR2 during allergic sensitization and challenge. In this
study, we examined the roles of cytokine expression, Ig
class switching and nuclear transcription factors in OVA
sensitization of TLR2−/− mice, with the goal of under-
standing the role of TLR2 in OVA sensitization in detail.

Methods
Mice, treatments and B-cell sorting
Six-to-eight-week-old male C57BL/6 (SLACCAS, Shang-
hai, China) and TLR2−/− (B6.129-Tlr2tmIkirNJU, Model
Animal Research Center of Nanjing University, Jiangsu,
China) mice were bred and housed in a pathogen-free
facility. The temperature and humidity were 18–22 °C
and 30–50%, respectively, and a 12- h day and night
cycle was maintained. These mice were provided with la-
boratory water and food ad libitum. All applicable inter-
national, national, and/or institutional guidelines for the
care and use of animals were followed. The mice were
sensitized by intraperitoneal injection of 100 μg of OVA
(Sigma, St. Louis, MO, USA) a 400 μg Al(OH)3 (Sigma,
St. Louis, MO, USA) in a volume of 0.5 mL on days 0
and 7. Control mice were treated in an identical manner
except with saline replacing OVA. Cryptotanshinone
(CPT)-treated mice received intraperitoneal injections of
CPT (Selleck, Houston, TX, USA) dissolved in 0.5 mL of
0.9% saline solution. CPT was administered at doses of
200 mg/kg/day on days 0 and 7, 30 min prior to each
OVA sensitization. Either 1 or 2 μg of mIL21 (Pepro-
tech) was dissolved in 0.9% saline solution and adminis-
tered to selected TLR2−/− mice (25 g/mouse, n = 6 for
each dose) prior to each OVA sensitization.
Mice were euthanized by CO2 asphyxiation. The mice

were placed in a box and 100% carbon dioxide was in-
troduced. The filling rate is about 20% of the volume of
the chamber per minute. Spleens were harvested using
standard dissection techniques and placed in wells of
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tissue culture–grade six-well plates containing 2 mL of
cold RPMI medium on ice. Splenocytes were isolated by
physically dissociating spleens between the frosted ends
of two sterile glass slides. Cells were washed off the glass
slides by pipetting 1–2 mL of RPMI medium onto the
slides. The cells were filtered through a 40-μm cell
strainer and centrifuged at 430×g at 4 °C for 5 min to
pellet cells. The supernatant was removed and the cells
were incubated with red blood cell lysis buffer (BD, 0.5
mL per spleen) on ice for 5 min. The lysis reaction was
stopped by addition of cold PBS. Settled cell debris was
removed with a pipette and the supernatant containing
splenocytes was transferred to a new tube, taking care to
avoid transfer of cell debris. The tube was centrifuged at
430×g at 4 °C for 5 min and resuspended in PBS contain-
ing 1% (v/v) fetal bovine serum. Cells were counted
using a hemocytometer and normalized to 108 cells/mL.
Each cell sample was incubated with the following anti-
bodies at 4 °C for 25 min: CD45-PE, CD4-FITC, and
CD45R/B220-APC (all from eBioscience). After washing,
CD45+CD4−CD45R/B220+ cells were sorted and col-
lected (BD) for RNA extraction.

Real-time polymerase chain reaction (RT-PCR)
Lung tissue or B-cell RNA was extracted using Trizol
(Invitrogen, Carlsbad, CA) following the manufacturer’s
protocol. Briefly, 1 μg of total RNA was used for reverse
transcription (Takara RNA PCR kit, Shiga, Japan) ac-
cording to the manufacturer’s protocol. The resulting
cDNA was analyzed and amplified using RT-PCR (ABI
PRISM7500, USA). The 20-μL reactions consisted of
2 μL of cDNA, 10 μL of SYBR Green I Master (Roche,
Mannheim, Germany), and 1 μL each of forward reverse
primers. The reactions were incubated at 95 °C for 10
min and then subjected to 30 cycles 95 °C for 15 s, 60 °C
for 15 s, and 72 °C for 30 s. All samples were analyzed in
triplicate. Transcripts were quantitated by their com-
parative threshold cycle number (Ct). The sequences of
all primers are shown in Table 1. β-actin served as an in-
ternal control. We chose the comparative Ct (ΔCt)
quantification method to quantitate transcript abun-
dance. CSR germline transcripts, post-recombination
transcripts and mature transcripts were examined by
RT-PCR using previously-described primers (Pone et al.
2012).

Lung histology, immunofluorescence and
immunohistochemistry
Mouse lung tissue was soaked in 10% neutral formalin
until lobes separated, then embedded in paraffin, cut
into 3-μm thick sections, and stained with hematoxylin
and eosin.
Tissue sections were deparaffinized, rehydrated, and

subjected to antigen retrieval by heating. The sections
were incubated in 3% (v/v) H2O2 for 10 min and then in
bovine serum albumin solution for 1 h. Primary anti-
bodies against NF-κB p65 (1:200, Santa Cruz biotechnol-
ogy, San Francisco, USA) or p-STAT3 (Cell Signaling
Technology, Danvers, MA, USA) was then added over-
night at 4 °C. On the following day, secondary antibodies
(PE-conjugated donkey anti-goat IgG, 1:1000, Beyotime,
Shanghai, China or goat anti-mouse/rabbit IgG,
GK5005, Gene Tech, Shanghai, China) were added to
the slides for 0.5–1 h at room temperature. DAPI was
added to the slides for 10 min. Tissue sections incubated
with STAT3 were stained for 40 s with hematoxylin and
then dehydrated and sealed. The samples were observed
and photographed using an Olympus microscope.

Serum OVA-specific Ig and Ig subclass measurement by
ELISA
Blood samples were allowed to clot for at least 60 min
and then centrifuged at 400×g for 10 min. Serum was
thus obtained for analyses of IgG1, IgG2a, IgG2b, IgA,
IgE and IgM. Serum Ig content were estimated using
solid-phase indirect ELISA kits (Chondrex, Redmond,
WA, USA) according to the manufacturer’s instructions.
Each standard and sample were tested three times. Ab-
sorbance was measured at 450 nm using an ELISA plate
reader (Labsystems, MultiskanEX, Finland). The results
were expressed in grams per liter.

Statistical analysis
All data were presented as means ± standard deviations.
Analysis of multiple comparisons was carried out by
ANOVA. T-tests were used to assess differences be-
tween groups. Statistical significance was assumed for
P < 0.05. All statistical analyses were performed using
SPSS 17.0 software.

Table 1 Primer listed for real-time PCR

RNA Forward Primer Reverse Primer

β-actin GACGGGGTCACCCACACTGT AGGAGCAATGATCTTGATCTTC

IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

IL-5 CTCTGTTGACAAGCAATGAGACG TCTTCAGTAT GTCTAGCCCCTG

IL-13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA

IL-21 ATGCCCTTCCTGTGATTCGT TCTGTGGGAACGAGAGCCTA
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Results
TLR2 knockout reduced lung inflammation induced by
OVA sensitization
As shown in Fig. 1, the lungs of TLR2−/− mice
showed less inflammatory cell infiltration following
OVA sensitization than those of wild-type mice (Fig.
1a). Levels of IL4 and IL13 induced by OVA
sensitization were significantly lower in TLR2−/−

mice (Fig. 1b). IL6 and IL21 were upregulated after
OVA sensitization in both wild-type and TLR2−/−

mice. However, TLR2−/− mice showed reduced IL21
upregulation in response to OVA sensitization.
There was no significant difference in IL5 expression
between wild-type and TLR2−/− mice irrespective of
OVA treatment.

TLR2−/− mice had decreased serum titers of OVA-specific
IgG1 but increased titers of OVA-specific IgE following
OVA sensitization
Wild-type mice developed serum titers of OVA-specific
IgG1 (Fig. 2(1)), IgG2a (Fig. 2(3)), IgG2b (Fig. 2(5)), IgM

(Fig. 2(4)) and IgE (Fig. 2(6)) after OVA sensitization.
The titers were highest for IgG1 and IgM. Titers of
OVA-specific IgG1 were 140,000 times higher than
OVA-specific IgE. TLR2−/− mice developed serum titers
of OVA-specific IgG1, IgG2b, IgM and IgE after OVA
sensitization. Compared with OVA-sensitized wild-type
mice, OVA-sensitized TLR2−/− mice had decreased
serum titers of OVA-specific IgG1 (> 300,000 ng/mL vs
200,000 ng/mL) but increased serum titers of OVA-
specific IgE (2 vs 9 ng/mL).

NF-κB was not activated by OVA sensitization in either
wild-type or TLR2−/− mice
As shown in Fig. 3, NF-κB p65 (red) was located outside of
nuclei (blue) in the lungs of wild-type mice; thus, NF-κB
was not activated and did not translocate to nuclei follow-
ing OVA sensitization. As expected, similar results were ob-
tained in TLR2−/− mice. Thus, the lower lung inflammation
observed in TLR2−/− mice following OVA sensitization
compared was not due to differences in NF-κB activation.

Fig. 1 The lungs of TLR2−/− mice showed less inflammation following OVA sensitization compared with wild-type mice. A Lungs were fixed,
embedded in paraffin and cut into 3-μm thick sections. Lung sections were stained with hematoxylin and eosin (HE) and photographed using an
Olympus microscope. Magnification: 200-fold; B Cytokines were measured in Lung tissue or B-cell by RT-PCR. Data are shown individually and as
the mean ± s.e.m. IL4, IL13 and IL21 expression decreased more significantly following OVA sensitization in TLR2−/− mice compared with wild-
type mice as shown. Data for IL4, IL5, IL13 and IL21 were normalized to wild-type mice treated with normal saline (NS). *: p < 0.05, n = 6 mice
per group
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Fig. 2 Serum titers of OVA-specific IgG1(1), IgA (2), IgG2a (3), IgM (4), IgG2b (5) and IgE (6) in wild-type and TLR2−/− mice were detected by ELISA.
Data are shown individually and as the mean ± s.e.m. OVA-specific IgG1 and IgE titers were markedly lower and higher, respectively, in TLR2−/−

mice. *: p < 0.05, n = 6 mice per group

Fig. 3 Immunofluorescence staining of NF-κB p65 (PE, red) showed that p65 was not detectable in nuclei (DAPI, blue). Bar = 30 μm
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TLR2−/− mice showed reduced STAT3 phosphorylation in
the lung following OVA sensitization (Fig. 4)
In the lungs of OVA-sensitized wild-type mice, 15% of
epithelial cells stained positive for p-STAT3, while in the
lungs of OVA-sensitized TLR2−/− mice, only 9.8% of epi-
thelial cells of were p-STAT3-positive. Compared with
OVA-sensitized wild-type mice, the number of p-STAT3-
positive cells in the lungs of OVA-sensitized TLR2−/− mice
was significantly lower.

CPT inhibited p-STAT3 expression in lung epithelial cells
of OVA-sensitized wild-type mice, decreased serum titers
of OVA-specific IgG1, and alleviated lung inflammation
(Fig. 5)
Treatment of wild-type mice with the STAT3 inhibi-
tor CPT3 resulted in decreased frequency of p-
STAT3-positive lung epithelial cells (from 15 to 6%)
and also a 75% decrease in OVA-specific IgG1 (from
320 μg/mL to approximately 80 μg/mL). CPT

Fig. 4 Immunohistochemistry staining of p-STAT3 showed lower numbers of positive epithelial cells in the lungs of OVA-sensitized TLR2−/− mice
compared with those of OVA-sensitized wild-type mice. Magnification: 200-fold. *: p < 0.05, n = 6 mice per group

Fig. 5 CPT administered at doses of 200 mg/kg/day on days 0 and 7 30min prior to OVA administration decreased levels of p-STAT3 in lung
epithelial cells of wild-type mice (A, immunohistochemistry), decreased serum titers of OVA-specific IgG1 (B, ELISA) and alleviated lung
inflammation (C, hematoxylin and eosin staining). A and C magnification: 200-fold. *: p < 0.05, n = 6 mice per group
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treatment greatly reduced lung inflammation and
congestion.

CPT-treated splenic B-cells from wild-type mice and
splenic B-cells from TLR2−/− mice had lower levels of
germline transcription that were reversed by addition of
IL21 (Fig. 6)
Germline transcripts (Iμ-Cμ, Iα-Cα, Iε-Cε, Iγ1-Cγ1,
Iγ2a-Cγ2a or Iγ3-Cγ3), post-recombination transcripts
(Iμ-Cγ, Iμ-Cα or Iμ-Cε) and mature transcripts (VHDJH-
Cγ, VHDJH-Cα or VHDJH-Cε) were analyzed. Both CPT
treatment of wild-type mice and TLR2 knockout nearly
abrogated germline Iα-Cα, Iγ1-Cγ1, Iγ3-Cγ3 transcripts
in splenic B cells. Administration of 1 μg of IL21 per
mouse restored Iα-Cα, Iγ1-Cγ1, and Iγ3-Cγ3 expression
and 2 μg of IL21 promoted higher levels of expression.
However, Iε-Cε transcripts could not be detected in ei-
ther group.

Discussion
Our results showed that in wild-type mice, airway infil-
tration by inflammatory cells following OVA
sensitization was obvious, and mainly included lympho-
cytes and eosinophils. Compared with mice treated with
NS, OVA-sensitized mice showed a decreased propor-
tion of macrophages in alveolar lavage fluid and in-
creased numbers of eosinophils. Following OVA
sensitization, expression of Th2 cytokines (IL4 and IL13)
was significantly upregulated, while there was no signifi-
cant difference in IL5 expression. Serum titers of OVA-
specific IgG1, IgA, IgG2a, IgG2b, IgM and IgE increased
significantly in wild-type mice following OVA
sensitization. These results indicated that OVA
sensitization promotes an inflammatory response.
IL4, IL13 and IL21 expression was almost undetectable

in TLR2−/− mice irrespective of OVA treatment. Serum
titers of OVA-specific IgE and IgG1 were increased in

TLR2−/− mice after stimulation with OVA compared
with NS. However, OVA-sensitized TLR2−/− mice had
higher serum titers of OVA-specific IgE but lower titers
of OVA-specific IgG1 compared with OVA-sensitized
wild-type mice. IL21 isoform showed a different expres-
sion pattern than IL21 and was upregulated to a greater
extend in TLR2−/− mice sensitized with OVA compared
with wild-type mice. Nara et al. reported that IL21 iso-
form had similar functions as IL21: it could promote
phosphorylation of STAT3 but was seldom secreted
from the cells, and thus had primarily autocrine function
[26]. IL21 is a product of Th17 cells [27], which co-
localize with B cells both in spleen or lymph node [28],
and so it was suggested that only IL21 and not IL21 iso-
form acted on B cells. Liu et al. [29] examined the effect
of combining IL21 with TLR7/8 or 9 agonists and found
that IL21 could increase the activity of the TLR–
MyD88–STAT3 pathway in human B cells by enhancing
phosphorylation of STAT3 and promoting IgG produc-
tion. TLR2 had similar synergy with TLR7/8 or 9 in pro-
moting IgG1 germline transcription and secretion from
mouse splenic B cells. These findings suggested that
downregulation of IL21 in TLR2−/− mice may be respon-
sible for the higher serum titers of OVA-specific IgE and
lower serum titers of OVA-specific IgG1 in OVA-
sensitized TLR2−/− mice [13].
IgE plays a central role in the early asthmatic response

and can bind to allergens, causing degranulation of mast
cells or basophils and triggering inflammation. Inflam-
matory mediators cause mucosal edema, smooth muscle
contraction, and increased glandular secretions to initi-
ate an allergic inflammatory response. Anti-IgE therapy
impairs its action by reducing the amount of free IgE
available to bind to effector cells [30]. However, treat-
ment responses vary widely among individuals [31]. Be-
sides IgE, the antibody isotype that gives rise to
sensitization and allergic asthma, the immune response

Fig. 6 RT-PCR showed that addition of IL21 addition Iα-Cα, Iγ1-Cγ1, and Iγ3-Cγ3 fgermline transcription in CPT-treated wild-type or TLR2−/− mice,
n = 6 mice per group, *, p < 0.05
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to common inhaled allergens also includes IgG. Bron-
choalveolar lavage fluid of OVA/OVA mice contained
150mg/mL of OVA-specific IgG and 8.93mg/mL OVA-
specific IgE [32]. In addition, it has been suggested that
IgG1 is closely related to Th2 responses [33–36]. Thus, in
our study, the lower OVA-induced lung inflammation of
TLR2−/− mice may be attributed to decreased IgG1 titers.
The frequency of p-STAT3-positive cells was signifi-

cantly decreased in the lungs of OVA-sensitized
TLR2−/− mice compared with OVA-sensitized wild-type
mice. However, NF-κB was not activated following OVA
sensitization of either TLR2−/− or wild-type mice. Con-
sistent with the work of Bieneman et al. [18],, NF-κB
was not involved in the response of TLR2−/− mice to
OVA sensitization, nor did OVA activate NF-κB in wild-
type mice. STAT3 can be activated by IL21 in vitro and
can directly bind the IL21 promoter and induce IL21 ex-
pression in an autocrine positive feedback loop [37].
However, NF-κB played a role in OVA sensitization and
elicited inflammation as described in our previous report
[20]. Thus, clearly a difference exists between OVA
sensitization and OVA sensitization that elicits inflam-
mation. Thus, decreased STAT3 levels resulted in lower
titers of OVA-specific IgG1 in OVA-sensitized TLR2−/−

mice. The results of our study showed that TLR2-Stat3/
IL21 pathways had opposite effects on IgG1 and IgE ti-
ters following OVA sensitization.
One question was evident from these data: why did

IL4, IL13 almost disappear in TLR2−/− mice, but not
IL5? IL4, IL13 and IL5 are produced by Th2 [38] and
mast cells [39]. IL-4 is an eosinophil chemotactic fac-
tor that promotes the infiltration of airway eosino-
phils, and can also promote synthesis of IgE,
endothelial cell adhesion factor-1, mast cell growth
and goblet cell metaplasia in B cells. As a self-
secreting growth factor of T cells, IL4 can promote
the differentiation of naive T cells into Th2 cells,
thereby inducing allergic inflammation [40–42]. IL-13
is mainly produced by activated Th2 cells, and can
have synergistic effects with IL-4 to promote IgE syn-
thesis by B cells, to activate macrophages, mast cells
and eosinophils, and to inhibit eosinophil apoptosis,
which can regulate goblet cells. Hyperplasia and in-
creased mucus secretion promote the transformation
of airway fibroblasts into fibroblasts, leading to colla-
gen deposition; this can promote airway smooth
muscle contraction and cause airway hyperresponsive-
ness [43]. IL5 is also a Th2 cytokine that induces ac-
tivation, migration, proliferation and differentiation of
eosinophils and inhibits apoptosis. Together, these
data suggested other types of immunocytes mediate
the disappearance of IL4 and IL13 in TLR2−/− mice.
Drake et al. [44] found that levels of IL4 and IL13
were significantly lower in the lungs of B-cell-

deficient JH−/− mice treated with OAAH (OVA, Alter-
naria, Aspergillus, and house dust mite) than in
OAAH-treated wild-type mice (p < 0.05). Levels of IL5
were less affected than levels of IL4 or IL13. This was
not due to suppression of B cell development in
TLR2−/− mice. On the contrary, B cell maturation is
inhibited by TLR2 agonists [45]. Three studies re-
ported that TLR2 played a role in proliferation, acti-
vation and differentiation of resting B cells [46–48].
Perhaps, TLR2 knockout inhibits B cell activation and
secretion of IL4 and IL13. Takeda et al. found that
eosinophil-deficient mice had increased levels of IL4,
IL5, and IL13 in bronchoalveolar lavage fluid after 11
OVA challenges [49]. Thus, eosinophils were not re-
sponsible for the phenotype of TLR2−/− mice. In the
absence of CD11c + dendritic cells (DC), endogenous
or adoptively transferred CD4+ Th2 cells did not pro-
duce IL4, IL5, and IL13 in response to OVA aerosols
[50]. Thus, DCs were not likely to mediate the phe-
notypes of TLR2−/− mice. Song et al. applied 2-
chloroadenosine to deplete alveolar macrophages and
found reduced levels of IL4, IL5, and IL13 in re-
sponse to OVA stimulation [51]. Inhibition of early
airway neutrophilia did not affect IL4, IL5, and IL13
levels [52]. The detailed mechanisms underlying these
phenomena need to be explored further.
Here, Iε-Cε transcripts could not be detected in either

group irrespective of OVA sensitization. Unlike for other
Ig isotypes, IgE isotype switching and IgE-producing B
cell expansion occur in the draining lymph node after
immunization, not in the spleen [53]. Germline, post-
recombination and mature transcripts could not be ex-
amined in lymph nodes of TLR2−/− mice treated with
IL21. This should be examined in future studies.

Conclusions
In summary, IL4, IL13 and IL21 almost disappeared in
OVA-sensitized TLR2−/− mice compared with wild-type
mice. However, IL21 was the most important cytokine
responsible for Ig class switching in response to OVA
sensitization The transcription factor regulating Ig class
switching and production in OVA-sensitized TLR2−/−

mice was STAT3, not NF-κB. These finding may suggest
potential targets for the prevention and treatment of al-
lergic diseases.

Abbreviations
TLR: Toll-like receptor; Ig: Immunoglobulin; OVA: Ovalbumin; IL: Interleukin;
STAT: Signal transducer and activator of transcription; NF: Nuclear factor;
CPT: Cryptotanshinone; PBS: Phosphate-buffered saline; CSR: Class switch
recombination; p: phosphorylated; ERK: Extracellular signal-regulated kinase;
NS: Normal saline

Acknowledgments
We thank Liwen Bianji, Edanz Editing China (www.liwenbianji.cn/ac), for
editing the English text of a draft of this manuscript.

Li et al. Italian Journal of Pediatrics          (2021) 47:162 Page 8 of 10

http://www.liwenbianji.cn/ac


Authors’ contributions
All authors contributed to the manuscript ideas. YL and QC contributed
equally to this work. YL carried out the ELISA, PCR and Lung Histology,
Immunofluorescence and Immunohistochemistry. QC, WJ, YF, LH, CC, WZ
participated in the design of the study and helped to draft and revise the
manuscript. QC and YL conceived of the study, and participated in its design
and coordination and helped to write the manuscript. All authors read and
approved the final manuscript.

Funding
The design of the study, collection and analysis of data in this study was
supported by the National Natural Science Foundation of China (Grant
No.81570016) and the Commission of Health and Family Planning of Jiangsu
Province (H201622). The interpretation of data and manuscript preparation in
this study and the publication fee was supported by the Program of Science
and Technology Plan of Suzhou (Grant No. SS201535). The authors are
responsible for the contents of this publication.

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

Declarations

Ethics approval and consent to participate
Work on this project was approved by Children’s Hospital of Soochow
University ethics committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Children’s Hospital of Soochow University, Suzhou 215003, People’s
Republic of China. 2School of Radiation Medicine and Protection, Soochow
University, Suzhou 215123, China.

Received: 13 May 2020 Accepted: 3 May 2021

References
1. Nieto A, Wahn U, Bufe A, Eigenmann P, Halken S, Hedlin G, et al. Allergy

and asthma prevention 2014. Pediatr Allergy Immunol. 2014;25(6):516–33.
https://doi.org/10.1111/pai.12272.

2. Oettgen HC, Geha RS. IgE regulation and roles in asthma pathogenesis. J
Allergy Clin Immunol. 2001;107(3):429–40. https://doi.org/10.1067/mai.2
001.113759.

3. Wu LC, Zarrin AA. The production and regulation of IgE by the immune
system. Nat Rev Immunol. 2014;14(4):247–59. https://doi.org/10.1038/nri3
632.

4. Geha RS, Jabara HH, Brodeur SR. The regulation of immunoglobulin E class-
switch recombination. Nat Rev Immunol. 2003;3(9):721–32. https://doi.org/1
0.1038/nri1181.

5. Corry DB, Kheradmand F. Induction and regulation of the IgE response.
Nature. 1999;402(6760 Suppl):B18–23. https://doi.org/10.1038/35037014.

6. Mehlhop PD, van de Rijn M, Goldberg AB, Brewer JP, Kurup VP, Martin TR,
et al. Allergen-induced bronchial hyperreactivity and eosinophilic
inflammation occur in the absence of IgE in a mouse model of asthma.
Proc Natl Acad Sci U S A. 1997;94(4):1344–9. https://doi.org/10.1073/pnas.
94.4.1344.

7. Hamelmann E, Takeda K, Haczku A, Cieslewicz G, Shultz L, Hamid Q, et al.
Interleukin (IL)-5 but not immunoglobulin E reconstitutes airway
inflammation and airway hyperresponsiveness in IL-4-deficient mice. Am J
Respir Cell Mol Biol. 2000;23(3):327–34. https://doi.org/10.1165/ajrcmb.23.3.3
796.

8. Coffman RL, Lebman DA, Rothman P. Mechanism and regulation of
immunoglobulin isotype switching. Adv Immunol. 1993;54:229–70. https://
doi.org/10.1016/S0065-2776(08)60536-2.

9. Esser C, Radbruch A. Rapid induction of transcription of unrearranged S
gamma 1 switch regions in activated murine B cells by interleukin 4. EMBO
J. 1989;8(2):483–8. https://doi.org/10.1002/j.1460-2075.1989.tb03401.x.

10. Rothman P, Lutzker S, Cook W, Coffman R, Alt FW. Mitogen plus interleukin
4 induction of C epsilon transcripts in B lymphoid cells. J Exp Med. 1988;
168(6):2385–9. https://doi.org/10.1084/jem.168.6.2385.

11. Stavnezer J, Radcliffe G, Lin YC, Nietupski J, Berggren L, Sitia R, et al.
Immunoglobulin heavy-chain switching may be directed by prior induction
of transcripts from constant-region genes. Proc Natl Acad Sci U S A. 1988;
85(20):7704–8. https://doi.org/10.1073/pnas.85.20.7704.

12. Brandt EB, Munitz A, Orekov T, Mingler MK, McBride M, Finkelman FD, et al.
Targeting IL-4/IL-13 signaling to alleviate oral allergen-induced diarrhea. J Allergy
Clin Immunol. 2009;123(1):53–8. https://doi.org/10.1016/j.jaci.2008.10.001.

13. Ozaki K, Spolski R, Feng CG, et al. A critical role for IL-21 in regulating
immunoglobulin production. Science. 2002;298(5598):1630–4. https://doi.
org/10.1126/science.1077002.

14. Lajoie S, Lewkowich I, Herman NS, Sproles A, Pesce JT, Wynn TA, et al. IL-21
receptor signalling partially mediates Th2-mediated allergic airway
responses. Clin Exp Allergy. 2014;44(7):976–85. https://doi.org/10.1111/
cea.12341.

15. Hershey GK. IL-13 receptors and signaling pathways: an evolving web. J
Allergy Clin Immunol. 2003;111(4):677–90. https://doi.org/10.1067/mai.2
003.1333.

16. Wan CK, Andraski AB, Spolski R, Li P, Kazemian M, Oh J, et al. Opposing
roles of STAT1 and STAT3 in IL-21 function in CD4+ T cells. Proc Natl Acad
Sci U S A. 2015;112(30):9394–9. https://doi.org/10.1073/pnas.1511711112.

17. Matsushita K, Yoshimoto T. B cell-intrinsic MyD88 signaling is essential for
IgE responses in lungs exposed to pollen allergens. J Immunol. 2014;
193(12):5791–800. https://doi.org/10.4049/jimmunol.1401768.

18. Bieneman AP, Chichester KL, Chen YH, et al. Toll-like receptor 2 ligands
activate human basophils for both IgE-dependent and IgE-independent
secretion. J Allergy Clin Immunol. 2005;115(2):295–301.

19. Bhattacharya D, Lee DU, Sha WC. Regulation of Ig class switch
recombination by NF-kappaB: retroviral expression of RelB in activated B
cells inhibits switching to IgG1, but not to IgE. Int Immunol. 2002;14(9):983–
91. https://doi.org/10.1093/intimm/dxf066.

20. Li X, Chen Q, Chu C, You H, Jin M, Zhao X, et al. Ovalbumin-induced
experimental allergic asthma is toll-like receptor 2 dependent. Allergy
Asthma Proc. 2014;35(2):e15–20. https://doi.org/10.2500/aap.2014.35.3735.

21. Redecke V, Hacker H, Datta SK, et al. Cutting edge: activation of Toll-like
receptor 2 induces a Th2 immune response and promotes experimental
asthma. J Immunol. 2004;172(5):2739–43.

22. Akdis CA, Kussebi F, Pulendran B, et al. Inhibition of T helper 2-type
responses, IgE production and eosinophilia by syntheticlipopeptides. Eur J
Immunol. 2003;33(10):2717–26. https://doi.org/10.1002/eji.200323329.

23. Nawijn MC, Motta AC, Gras R, Shirinbak S, Maazi H, van Oosterhout AJM.
TLR-2 activation induces regulatory T cells and long-term suppression of
asthma manifestations in mice. PLoS One. 2013;8(2):e55307. https://doi.org/1
0.1371/journal.pone.0055307.

24. Patel M, Xu D, Kewin P, Choo-Kang B, McSharry C, Thomson NC, et al. TLR2
agonist ameliorates established allergic airway inflammation by promoting
Th1 response and not via regulatory T cells. J Immunol. 2005;174(12):7558–
63. https://doi.org/10.4049/jimmunol.174.12.7558.

25. Velasco G, Campo M, Manrique OJ, Bellou A, He H, Arestides RSS, et al. Toll-
like receptor 4 or 2 agonists decrease allergic inflammation. Am J Respir
Cell Mol Biol. 2005;32(3):218–24. https://doi.org/10.1165/rcmb.2003-0435OC.

26. Nara H, Rahman M, Araki A, Jin L, Takeda Y, Asao H. IL-21 isoform is a
membrane-bound ligand and activates directly interacted cells. Cytokine.
2013;61(2):656–63. https://doi.org/10.1016/j.cyto.2012.12.010.

27. Wei L, Laurence A, Elias KM, O'Shea JJ. IL-21 is produced by Th17 cells and
drives IL-17 production in a STAT3-dependent manner. J Biol Chem. 2007;
282(48):34605–10. https://doi.org/10.1074/jbc.M705100200.

28. Erazo A, Kutchukhidze N, Leung M, Christ APG, Urban JF Jr, Curotto de
Lafaille MA, et al. Unique maturation program of the IgE response in vivo.
Immunity. 2007;26(2):191–203. https://doi.org/10.1016/j.immuni.2006.12.006.

29. Liu BS, Stoop JN, Huizinga TW, Toes REM. IL-21 enhances the activity of the
TLR-MyD88-STAT3 pathway but not the classical TLR-MyD88-NF-kappaB
pathway in human B cells to boost antibody production. J Immunol. 2013;
191(8):4086–94. https://doi.org/10.4049/jimmunol.1300765.

30. Soresi S, Togias A. Mechanisms of action of anti-immunoglobulin E therapy.
Allergy Asthma Proc. 2006;27(2 Suppl 1):S15–23.

Li et al. Italian Journal of Pediatrics          (2021) 47:162 Page 9 of 10

https://doi.org/10.1111/pai.12272
https://doi.org/10.1067/mai.2001.113759
https://doi.org/10.1067/mai.2001.113759
https://doi.org/10.1038/nri3632
https://doi.org/10.1038/nri3632
https://doi.org/10.1038/nri1181
https://doi.org/10.1038/nri1181
https://doi.org/10.1038/35037014
https://doi.org/10.1073/pnas.94.4.1344
https://doi.org/10.1073/pnas.94.4.1344
https://doi.org/10.1165/ajrcmb.23.3.3796
https://doi.org/10.1165/ajrcmb.23.3.3796
https://doi.org/10.1016/S0065-2776(08)60536-2
https://doi.org/10.1016/S0065-2776(08)60536-2
https://doi.org/10.1002/j.1460-2075.1989.tb03401.x
https://doi.org/10.1084/jem.168.6.2385
https://doi.org/10.1073/pnas.85.20.7704
https://doi.org/10.1016/j.jaci.2008.10.001
https://doi.org/10.1126/science.1077002
https://doi.org/10.1126/science.1077002
https://doi.org/10.1111/cea.12341
https://doi.org/10.1111/cea.12341
https://doi.org/10.1067/mai.2003.1333
https://doi.org/10.1067/mai.2003.1333
https://doi.org/10.1073/pnas.1511711112
https://doi.org/10.4049/jimmunol.1401768
https://doi.org/10.1093/intimm/dxf066
https://doi.org/10.2500/aap.2014.35.3735
https://doi.org/10.1002/eji.200323329
https://doi.org/10.1371/journal.pone.0055307
https://doi.org/10.1371/journal.pone.0055307
https://doi.org/10.4049/jimmunol.174.12.7558
https://doi.org/10.1165/rcmb.2003-0435OC
https://doi.org/10.1016/j.cyto.2012.12.010
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.1016/j.immuni.2006.12.006
https://doi.org/10.4049/jimmunol.1300765


31. Tajiri T, Matsumoto H, Gon Y, Ito R, Hashimoto S, Izuhara K, et al. Utility of
serum periostin and free IgE levels in evaluating responsiveness to
omalizumab in patients with severe asthma. Allergy. 2016;71(10):1472–9.
https://doi.org/10.1111/all.12922.

32. Paul B, Mishra V, Chaudhury B, Awasthi A, Das AB, Saxena U, et al. Status of
Stat3 in an ovalbumin-induced mouse model of asthma: analysis of the role
of Socs3 and IL-6. Int Arch Allergy Immunol. 2009;148(2):99–108. https://doi.
org/10.1159/000155740.

33. Grødeland G, Fossum E, Bogen B. Polarizing T and B cell responses by APC-
targeted subunit vaccines. Front Immunol. 2015;6:367.

34. Stevens T, Bossie A, Sanders VM, et al. Regulation of antibody isotype
secretion by subsets of antigen-specific helper T cells. Nature. 1988;
334(6179):255–8. https://doi.org/10.1038/334255a0.

35. Snapper CM, Paul WE. Interferon-gamma and B cell stimulatory factor-1
reciprocally regulate Ig isotype production. Science. 1987;236(4804):944–7.
https://doi.org/10.1126/science.3107127.

36. Ohta N, Ishida A, Kurakami K, Suzuki Y, Kakehata S, Ono J, et al. Expressions
and roles of periostin in otolaryngological diseases. Allergol Int. 2014;63(2):
171–80. https://doi.org/10.2332/allergolint.13-RAI-0673.

37. Avery DT, Ma CS, Bryant VL, Santner-Nanan B, Nanan R, Wong M, et al.
STAT3 is required for IL-21-induced secretion of IgE from human naive B
cells. Blood. 2008;112(5):1784–93. https://doi.org/10.1182/blood-2008-02-142
745.

38. Oeser K, Maxeiner J, Symowski C, Stassen M, Voehringer D. T cells are the
critical source of IL-4/IL-13 in a mouse model of allergic asthma. Allergy.
2015;70(11):1440–9. https://doi.org/10.1111/all.12705.

39. Monticelli S, Lee DU, Nardone J, Bolton DL, Rao A. Chromatin-based
regulation of cytokine transcription in Th2 cells and mast cells. Int Immunol.
2005;17(11):1513–24. https://doi.org/10.1093/intimm/dxh329.

40. Maggi E, Parronchi P, Manetti R, et al. Reciprocal regulatory effects of IFN-
gamma and IL-4 on the in vitro development of human Th1 and Th2
clones. J Immunol. 1992;148(7):2142–7.

41. Yanagihara Y, Ikizawa K, Kajiwara K, et al. Functional significance of IL-4
receptor on B cells in IL-4-induced human IgE production. J Allergy Clin
Immunol. 1995;96(6 Pt 2):1145–51. https://doi.org/10.1016/S0091-674
9(95)70199-0.

42. May RD, Fung M. Strategies targeting the IL-4/IL-13 axes in disease.
Cytokine. 2015;75(1):89–116. https://doi.org/10.1016/j.cyto.2015.05.018.

43. Ingram JL, Kraft M. IL-13 in asthma and allergic disease: asthma phenotypes
and targeted therapies. J Allergy Clin Immunol. 2012;130(4):829–42. https://
doi.org/10.1016/j.jaci.2012.06.034.

44. Drake LY, Iijima K, Hara K, Kobayashi T, Kephart GM, Kita H. B cells play key
roles in th2-type airway immune responses in mice exposed to natural
airborne allergens. PLoS One. 2015;10(3):e0121660. https://doi.org/10.1371/
journal.pone.0121660.

45. Hayashi EA, Akira S, Nobrega A. Role of TLR in B cell development: signaling
through TLR4 promotes B cell maturation and is inhibited by TLR2. J
Immunol. 2005;174(11):6639–47. https://doi.org/10.4049/jimmunol.174.11.663
9.

46. Boeglin E, Smulski CR, Brun S, Milosevic S, Schneider P, Fournel S. Toll-like
receptor agonists synergize with CD40L to induce either proliferation or
plasma cell differentiation of mouse B cells. PLoS One. 2011;6(10):e25542.
https://doi.org/10.1371/journal.pone.0025542.

47. Jain S, Chodisetti SB, Agrewala JN. CD40 signaling synergizes with TLR-2 in
the BCR independent activation of resting B cells. PLoS One. 2011;6(6):
e20651. https://doi.org/10.1371/journal.pone.0020651.

48. Jain S, Chodisetti SB, Agrewala JN. Combinatorial signaling through TLR-2
and CD86 augments activation and differentiation of resting B cells. PLoS
On. 2013;8(1):e54392. https://doi.org/10.1371/journal.pone.0054392.

49. Takeda K, Shiraishi Y, Ashino S, Han J, Jia Y, Wang M, et al. Eosinophils
contribute to the resolution of lung-allergic responses following repeated
allergen challenge. J Allergy Clin Immunol. 2015;135(2):451–60. https://doi.
org/10.1016/j.jaci.2014.08.014.

50. van Rijt LS, Jung S, Kleinjan A, et al. In vivo depletion of lung CD11c+
dendritic cells during allergen challenge abrogates the characteristic
features of asthma. J Exp Med. 2005;201(6):981–91. https://doi.org/10.1084/
jem.20042311.

51. Song C, Ma H, Yao C, Tao X, Gan H. Alveolar macrophage-derived vascular
endothelial growth factor contributes to allergic airway inflammation in a
mouse asthma model. Scand J Immunol. 2012;75(6):599–605. https://doi.
org/10.1111/j.1365-3083.2012.02693.x.

52. Taube C, Nick JA, Siegmund B, Duez C, Takeda K, Rha YH, et al. Inhibition of
early airway neutrophilia does not affect development of airway
hyperresponsiveness. Am J Respir Cell Mol Biol. 2004;30(6):837–43. https://
doi.org/10.1165/rcmb.2003-0395OC.

53. Shang XZ, Ma KY, Radewonuk J, Li J, Song XY, Griswold DE, et al. IgE isotype
switch and IgE production are enhanced in IL-21-deficient but not IFN-
gamma-deficient mice in a Th2-biased response. Cell Immunol. 2006;241(2):
66–74. https://doi.org/10.1016/j.cellimm.2006.07.011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. Italian Journal of Pediatrics          (2021) 47:162 Page 10 of 10

https://doi.org/10.1111/all.12922
https://doi.org/10.1159/000155740
https://doi.org/10.1159/000155740
https://doi.org/10.1038/334255a0
https://doi.org/10.1126/science.3107127
https://doi.org/10.2332/allergolint.13-RAI-0673
https://doi.org/10.1182/blood-2008-02-142745
https://doi.org/10.1182/blood-2008-02-142745
https://doi.org/10.1111/all.12705
https://doi.org/10.1093/intimm/dxh329
https://doi.org/10.1016/S0091-6749(95)70199-0
https://doi.org/10.1016/S0091-6749(95)70199-0
https://doi.org/10.1016/j.cyto.2015.05.018
https://doi.org/10.1016/j.jaci.2012.06.034
https://doi.org/10.1016/j.jaci.2012.06.034
https://doi.org/10.1371/journal.pone.0121660
https://doi.org/10.1371/journal.pone.0121660
https://doi.org/10.4049/jimmunol.174.11.6639
https://doi.org/10.4049/jimmunol.174.11.6639
https://doi.org/10.1371/journal.pone.0025542
https://doi.org/10.1371/journal.pone.0020651
https://doi.org/10.1371/journal.pone.0054392
https://doi.org/10.1016/j.jaci.2014.08.014
https://doi.org/10.1016/j.jaci.2014.08.014
https://doi.org/10.1084/jem.20042311
https://doi.org/10.1084/jem.20042311
https://doi.org/10.1111/j.1365-3083.2012.02693.x
https://doi.org/10.1111/j.1365-3083.2012.02693.x
https://doi.org/10.1165/rcmb.2003-0395OC
https://doi.org/10.1165/rcmb.2003-0395OC
https://doi.org/10.1016/j.cellimm.2006.07.011

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Mice, treatments and B-cell sorting
	Real-time polymerase chain reaction (RT-PCR)
	Lung histology, immunofluorescence and immunohistochemistry
	Serum OVA-specific Ig and Ig subclass measurement by ELISA
	Statistical analysis

	Results
	TLR2 knockout reduced lung inflammation induced by OVA sensitization
	TLR2−/− mice had decreased serum titers of OVA-specific IgG1 but increased titers of OVA-specific IgE following OVA sensitization
	NF-κB was not activated by OVA sensitization in either wild-type or TLR2−/− mice
	TLR2−/− mice showed reduced STAT3 phosphorylation in the lung following OVA sensitization (Fig. 4)
	CPT inhibited p-STAT3 expression in lung epithelial cells of OVA-sensitized wild-type mice, decreased serum titers of OVA-specific IgG1, and alleviated lung inflammation (Fig. 5)
	CPT-treated splenic B-cells from wild-type mice and splenic B-cells from TLR2−/− mice had lower levels of germline transcription that were reversed by addition of IL21 (Fig. 6)

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

