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 It is important to understand the pathogenesis of asthma induced by natural allergens, which could exclude the 
interference of artificial adjuvant and provide insights of natural immune response in the disease. In the present 
study, we show that Trichosanthin (TCS) could induce airway inflammation even without the help of alum. Further-
more, TCS appeared capable of replacing alum to promote OVA-specific airway inflammation. TCS induced accu-
mulation of IL-4-producing eosinophils in peritoneum at an early stage and the adjuvant function of TCS was elimi-
nated by blockage of IL-4 at this stage. Finally, the eosinophils triggered by TCS from WT mice, but not from IL-4-
deficient mice were shown to function as adjuvant for the induction of OVA-specific Th2 responses. Our data indicate 
that TCS is not only an allergen, but also a Th2-type adjuvant modulating the switching of immune responses to a 
Th2 pathway. This chain of events results from IL-4 production by eosinophils at an early stage of TCS-priming. In 
conclusion, TCS may be useful as a Th2 adjuvant, and innate immune cells, such as eosinophils, may be a good target 
to study the initiation of Th2 response.
Keywords: TCS, Th2, airway inflammation, adjuvant, IL-4, eosinophils
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Introduction

More than 25% of the population in industrialized 
countries suffer from IgE-mediated diseases, one of 
which is allergic asthma [1]. Various animal models have 
been established in an attempt to provide insights into the 
complex immunological and pathophysiological mecha-
nisms of human asthma [2-4]. Of the numerous antigens 
used in inducing asthma in mice, OVA is the most com-
mon one. Due to the interference of alum adjuvant in the 
OVA-specific immune response in vivo, it is difficult to 
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study the natural immune response to a given allergen in 
mice. Therefore, it is important to study the mechanism 
of asthma in an experimental model induced by natural 
allergens.

Trichosanthin (TCS) is an active component extracted 
from the root tuber of Trichosanthes kirilowii used in 
traditional Chinese medicine. It is a 27-kDa protein con-
sisting of 247 amino acid residues. TCS is a member of 
the type-I ribosome-inactivating protein family and has 
been used for abortion induction in China [5, 6]. Since 
the early 1970s, TCS has been used to terminate early 
and metaphase pregnancies [7, 8]. More recently, TCS 
was revealed to inhibit HIV replication in infected cells 
of lymphocytic and mononuclear phagocytic lineages [9, 
10]. TCS was also shown to induce anaphylaxis in some 
treated patients [11]. Indeed, TCS-specific IgE-secreting 
cells can be detected even 3 years after TCS treatment 
[12]. Our previous work showed that IgE production 
increased in TCS-immunized mice [13]. However, the 
mechanism by which TCS promotes IgE production re-
mains unknown.
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Airway inflammation is a hallmark of asthma, a major 
public health problem that has increased markedly in 
prevalence in recent decades [14]. Allergic asthma is a 
chronic inflammatory disease characterized by pulmo-
nary eosinophilia, increased serum IgE levels, airway 
hyperreactivity, mucus hypersecretion and structural 
remodeling of airways [15]. Allergic asthma is driven 
by inappropriate Th2-dominated immune responses to 
environmental allergens. How the immune system is ac-
tivated by environmental allergens to initiate the Th2 re-
sponses is not well understood. Th2 cytokines (IL-4, IL-5 
and IL-13 in particular) have been shown to regulate 
the pathological features of the disease [16-18]. Briefly, 
IL-4 is critical for priming of B cells and IgE secretion 
[19]. IL-5 mediates eosinophil recruitment into airways 
[20]. IL-13 functions in inducing goblet cell hyperplasia, 
airway remodeling and airway hyperreactivity [21]. Al-
though it has been suggested that IL-4 plays a key role 
in the initiation of Th2 response [22], the primary source 
of IL-4 is poorly understood. Mast cells in humans and 
eosinophils or basophils in mice have the ability to secret 
IL-4 in cases of allergic and parasitic worm immunity 
[23-25]. It has also been reported that IL-4 and IL-13 de-
rived from NKT cells are essential for the development 
of allergen-induced airway hyperreactivity [26]. Howev-
er, the source of IL-4 directly induced by natural allergen 
exposure remains unclear.

Based upon the idea that an animal asthma model in-
duced by a natural allergen would provide an opportunity 
to study the intrinsic process of this disease, we set up a 
murine model of airway inflammation using TCS as the 
allergen. Furthermore, we investigated the contribution 
of the early IL-4-producing eosinophils triggered by TCS 
to the induction of airway inflammation.

Results

TCS can induce allergic airway inflammation in mice in 
the presence or absence of alum adjuvant

Since TCS exhibits a strong allergenic effect in both 
humans and mice [11, 13], we investigated whether TCS 
could induce experimental asthma in mice. In our study, 
C57BL/6 mice were immunized twice with TCS plus 
alum and challenged with aerosolized TCS. In parallel 
experiments, PBS and OVA plus alum immunization 
served as negative and positive controls respectively. The 
data show that both OVA and TCS could induce allergic 
airway inflammation in the presence of alum and that 
the responses were comparable between the two groups 
based upon the presence of infiltrating inflammatory 
cells in bronchoalveolar lavage fluid (BALF) (Figure 1A 
and 1B), antigen-specific IgE production (Figure 1C) and 

pulmonary histopathology (Figure 1D).
Because TCS can induce strong IgE production in hu-

mans without any adjuvant [12], we investigated whether 
TCS itself could induce allergic responses in mice. Mice 
were immunized with TCS alone or OVA alone. Follow-
ing airway challenge, the infiltrating inflammatory cells 
in BALF of the TCS-treated mice increased significantly 
as compared with the OVA group (Figure 1E). The num-
bers of eosinophils in BALF of the TCS group were ten 
times higher than that of the control group (Figure 1F). 
In addition, the level of antigen-specific IgE in serum 
was elevated significantly in the TCS group (Figure 1G). 
Histological examination also showed that inflammatory 
responses including inflammatory cell migration, infil-
tration and accumulation in the airway and perivascular 
regions of lung occurred in the TCS-sensitized mice, 
but not in the OVA-sensitized mice (Figure 1H). These 
observations reveal that administration of TCS induces a 
severe airway inflammation in the absence of a classical 
adjuvant. To exclude the possibility of contamination of 
other molecules, such as endotoxin, we performed high 
performance liquid chromatography and pyrosate endo-
toxin detection analyses of the TCS used in the experi-
ments, and confirmed that the reagent used represented a 
pure single component and was endotoxin free (Supple-
mentary Information, Figure S1). Taken together, our re-
sults suggest that TCS is a strong allergen and has unique 
characteristics allowing it to induce allergic responses in 
mice in the absence of a classic adjuvant.

Th2 response is generated in TCS-treated mice
The production of Th2 type cytokines, such as IL-4, 

IL-5 and IL-13 in BALF and mediastinal lymph nodes 
(MLNs) of TCS-immunized mice was assessed. The 
data show that the production of IL-4, IL-5 and IL-13 
in BALF (Figure 2A) and IL-4 from MLNs (Figure 2B) 
was significantly increased in TCS-treated mice. Interest-
ingly, the mice immunized with TCS alone appeared to 
induce higher Th2 responses than those with TCS plus 
alum immunization. In contrast, the production of IFN-γ 
did not show obvious differences between the groups 
(Figure 2A and 2B).

To further confirm Th2 responses in vivo, total IgE and 
TCS-specific IgG2a isotypes in serum were measured. 
The data show that the level of IgE was relatively higher 
in TCS-immunized mice, but the level of IgG2a showed 
no difference between TCS-immunized and control 
groups (Figure 2C). It was interesting to observe that the 
TCS plus alum group showed a higher IgG2a level and 
relatively lower level of IgE in serum as compared with 
the group receiving TCS alone. These results indicate 
that without alum, TCS itself can induce systemic and lo-



www.cell-research.com | Cell Research

Yuan Wang et al.
3

npg

cal Th2 responses in mice. 

TCS functions as Th2 adjuvant to induce OVA-specific 
allergic airway inflammation

Considering that TCS induces Th2 responses in the 
absence of alum adjuvant, and our previous work showed 
that IL-4 gene expression in mesenteric lymph node 
was increased rapidly after TCS immunization while the 
IFN-γ gene displayed an opposite pattern [27], we asked 
whether TCS itself has an adjuvant function. Mice were 
immunized with OVA plus TCS and challenged with 
aerosolized OVA. Numbers of total infiltrating inflam-
matory cells and eosinophils in the bronchi increased 
significantly in mice treated with TCS plus OVA as com-
pared to those treated with OVA alone. The inflammatory 

responses were comparable between positive control 
(alum plus OVA) and TCS plus OVA groups (Figure 3A 
and 3B). OVA-specific IgE was elevated in the TCS plus 
OVA group (Figure 3C). Histopathology analysis using 
hematoxylin and eosin (H&E) staining demonstrated 
an increase in cell infiltration in TCS plus OVA-treated 
mice (Figure 3D). Thus, the results indicate that TCS can 
function as a Th2 adjuvant in inducing OVA-specific al-
lergic responses. 

Initial IL-4 production triggered by TCS is critical for 
TCS-assisted OVA-specific airway inflammation

To determine why TCS has a unique function in pro-
moting an OVA-specific allergic immune response, we 
investigated whether TCS directly triggered the produc-

Figure 1 Induction of allergic airway inflammation with TCS. Mice were sensitized with TCS/OVA/PBS as indicated plus alum 
(A-D) or without alum (E-H) and challenged with aerosolized TCS or OVA or PBS only; 24 h after the last challenge, mice 
were sacrificed for analysis. Total infiltrating inflammatory cells (A and E) and eosinophils (B and F) in BALF were counted. (C 
and G) Antigen-specific IgE in serum. (D and H) H&E staining of lung sections. **P < 0.01.
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tion of certain cytokines such as IL-4 or IL-13, thus ini-
tiating and favoring the Th2 responses. We found that a 
single i.p. injection of TCS could induce a rapid increase 
of systemic IL-4 accumulation in serum, reaching a peak 
at 12 h (Figure 4A). We also observed an increase of 
IL-13 in serum, with a peak at 48 h (Figure 4B). These 
results suggest that the initial IL-4 production may cre-
ate an in vivo environment for Th2-cell differentiation or 
B cell activation leading to the pathogenesis of allergic 
inflammation. To address this hypothesis, the effect of 
endogenous IL-4 triggered by TCS was abolished by us-
ing the neutralizing antibody 11B11. The assay was per-
formed as previously reported [28], and the antidody we 

used (< 2 mg/mice) would be cleaved in vivo after about 
1 day. The data reveal that one injection of 11B11 (0.5 
mg/mice) during TCS immunization could completely 
block the OVA-specific inflammation as determined by 
examining the presence of total inflammatory cells and 
eosinophils in BALF (Figure 4C and 4D), OVA-specific 
IgE production in serum (Figure 4E) and lung histopa-
thology (Figure 4F). Our study suggests that the initial 
IL-4 production following TCS immunization is critical 
for its function as a Th2-type adjuvant.

Eosinophils are identified as the producers of IL-4 at an 
early stage of TCS priming

Figure 2 Generation of Th2 responses in TCS-treated mice. Mice were sensitized with TCS plus alum or TCS alone and 
challenged with aerosolized TCS; 24 h after the last challenge, mice were sacrificed for analysis. (A) Cytokine production in 
BALF. (B) Cytokine production in supernatant of culture of MLN cells restimulated with TCS. (C) Ig isotypes in serum. *P < 0.05; 
**P < 0.01.
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Figure 3 Adjuvant function of TCS in induction of OVA-specific allergic airway inflammation. Mice were immunized with OVA 
plus TCS or vehicle or alum, and challenged with aerosolized OVA, 24 h after the last challenge, mice were sacrificed for 
analysis. Mice immunized and challenged with PBS served as negative control. Total infiltrating inflammatory cells (A) and 
eosinophils (B) in BALF were counted. (C) OVA-specific IgE in serum. (D) H&E staining of lung sections. **P < 0.01.

Figure 4 Necessity of early IL-4 production for the development of OVA-specific airway inflammation induced by TCS. IL-4 
(A) and IL-13 (B) levels in serum of TCS-treated mice at different time points. (C-F) Mice were immunized with OVA plus 
TCS. In different groups, mice were treated with 11B11, Rat IgG or vehicle at the same time as TCS injection. Mice were then 
challenged with aerosolized OVA for five consecutive days. At 24 h after the last challenge, mice were sacrificed for analysis. 
Mice immunized and challenged with PBS served as negative control. Total infiltrating inflammatory cells (C) and eosinophils (D) 
in BALF were counted. (E) OVA-specific IgE in serum. (F) H&E staining of lung sections. **P < 0.01.
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IL-4 production reached a peak at 12 h following TCS 
injection, so it is likely that innate immune cells rather 
than Th2 cells contribute to this IL-4 production. By us-
ing 4get mice in which cells that activate the gene encod-
ing IL-4 can be visualized by tracking the expression of 
eGFP ‘knocked into’ the IL-4 locus [29], we inspected 
different tissues at a series of time points. We observed 
that there was a significant increase of a population of 
IL-4-producing eGFP+ cells in peritoneal exudated cells 
(PECs) of mice at 24 h after TCS injection, but not in 
OVA-treated mice (Figure 5A). No noticeable IL-4-
eGFP+ cell was found in other tissues (Supplementary 
information, Figure S2). Further flow cytometry analy-

sis showed that the IL-4-eGFP+ cells had a phenotype 
of CCR3+ Gr-1+ CD11b+ TCR– CD19– CD11c– NK1.1– 
CD49b– CD117– F4/80– (Figure 5B). These results sug-
gest that these cells were eosinophils, as CCR3 is con-
sidered to be the major marker of eosinophils [30]. To 
confirm this, we sorted IL-4-eGFP+ cells and observed 
their morphological shape by H&E staining (Figure 5C); 
the cells (> 99%) were identified as eosinophils, which 
is consistent with the result of flow cytometry analysis. 
Likewise, the absolute numbers of eosinophils in PECs 
from TCS-immunized C57BL/6 mice are significantly 
higher than those from PBS-treated group (Supplementary 
information, Figure S3). TCS thus induces the accumula-

Figure 5 Identification of IL-4 producing cells triggered by TCS. (A) PECs derived from 4get mice immunized with TCS, PBS, 
or OVA for 24 h were analyzed by flow cytometry. (B) PECs derived from TCS-immunized 4get mice were stained with the 
indicated surface marker and analyzed by flow cytometry. (C) H&E staining of eGFP+ cells sorted from PECs of TCS-immu-
nized 4get mice.
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tion of IL-4-producing eosinophils in the peritoneum.

Adoptive transfer of TCS-triggered eosinophils favors 
OVA-specific allergic immune responses

Furthermore, to investigate whether the IL-4-produc-
ing eosinophils contribute to the pathogenesis of OVA-
specific airway inflammation assisted by TCS, eosino-
phils were isolated from TCS-immunized WT and IL-4–/– 
donor mice, and were transferred into WT recipient mice 
at the same time of OVA immunization on day 1 and 
day14 without any other adjuvant. The sorting of eosino-
phils was based on the expression of CCR3 and Gr-1, as 
previous reported [31]. The purity of the sorted eosino-
phils was more than 90%, and we confirmed the result by 
analyzing the morphological shape of these cells using 
H&E staining (Supplementary information, Figure S4). 
Subsequently, mice were challenged with aerosolized 

OVA. The significant differences in total inflammatory 
cells (Figure 6A) and eosinophils (Figure 6B) infiltrating 
in BALF, levels of OVA-specific IgE in serum (Figure 
6C), cytokine production of MLN cells (Figure 6D) and 
pathology of lung sections (Figure 6E) between groups 
suggest that eosinophils triggered by TCS could assist 
OVA to induce airway inflammation, which is dependent 
upon IL-4 production.

Discussion

 Since almost all available asthma animal models 
require adjuvant to induce an airway inflammatory re-
sponse, it has been difficult to identify initial factors 
that contribute to the pathogenesis of asthma induced 
by natural allergens. Currently, there is great interest in 
investigating natural allergens that cause spontaneous 

Figure 6 Induction of OVA-specific airway inflammation by adoptive transfer of TCS triggered eosinophils. Eosinophils sorted 
from PECs of TCS immunized WT or IL-4−/− mice were transferred to normal mice as while as OVA immunization, and mice 
were challenged with aerosolized OVA, 24 h after the last challenge, mice were sacrificed for analysis. Total infiltrating inflam-
matory cells (A) and eosinophils (B) in BALF were counted. (C) OVA-specific IgE in serum. (D) Cytokine production of MLN 
cells restimulated with OVA. (E) H&E staining of lung sections. **P < 0.01.
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asthma in humans. These include dust mites [32], pollens 
(such as ragweed pollens) [33] and protein from dust 
mites (Derf 1) combined with protein from cockroaches 
(Bla g 2) [34]. TCS, a single protein [35], has anti-tumor 
and anti-HIV activities [9, 10]. However, in the clinical 
application, it can cause IgE production and anaphylaxis 
in treated patients [11, 12]. Since TCS appears to be a 
natural allergen in humans, we attempted to establish a 
murine airway inflammation model utilizing TCS to in-
vestigate the mechanism of the natural process of allergy 
development.

In this study, we demonstrate that TCS is indeed a 
strong allergen that induces airway inflammation even 
without the help of alum adjuvant in mice. In addition, 
TCS possesses a unique characteristic of Th2-type ad-
juvant activity that could help in the induction of OVA-
specific airway inflammation. Our results suggest that the 
TCS-induced airway inflammation model is a valuable 
one for studying the mechanism of asthma in humans.

In general, the Th2-type response is believed to play 
an important role in the pathogenesis of allergic airway 
inflammation. In our experiments, we observed that TCS 
treatment was able to generate a typical Th2 response. 
More interestingly, immunization with TCS alone was 
able to induce airway inflammation and to produce stron-
ger Th2-type responses than those seen with TCS plus 
alum co-immunization, indicating that TCS itself has a 
role in initiating Th2-type responses. To further address 
this hypothesis, we used TCS to replace alum in inducing 
the OVA-specific airway inflammation. When TCS was 
injected before OVA injection, allergic airway inflamma-
tion occurred following OVA challenge. Thus, TCS could 
function as a Th2-type adjuvant in promoting OVA-
specific airway inflammation and can presumably initiate 
the Th2 immune response in our animal model.

Further, we investigated the mechanism by which TCS 
initiates the Th2 responses. As is well known, IL-4 is 
critical for Th2 cell development and differentiation [36]. 
We therefore wondered whether TCS could affect IL-4 
levels in vivo in mice. The data demonstrate that the IL-4 
level in serum was significantly augmented 12 h after 
TCS injection. Since IL-13 and IL-4 are at the same gene 
locus [37], we also analyzed IL-13 in serum. It showed a 
similar pattern to that of IL-4 after TCS injection. To fur-
ther confirm the notion that early production of IL-4 trig-
gered by TCS is critical for the function of TCS as an ad-
juvant, the effect of IL-4 triggered by TCS was abolished 
by a neutralizing antibody to IL-4 (11B11). We showed 
that only one injection of 11B11 (0.5 mg/mouse) at the 
time of TCS immunization could completely block the 
OVA-specific airway inflammation. This indicates that 
TCS triggers the early phase IL-4 production, which cre-

ates an environment in vivo favoring Th2 cell develop-
ment and ultimately modulating the immune responses. 
The cells contributing to this early phase IL-4 production 
seem not to be T lymphocytes but rather a population of 
innate immune cells. Wang et al. [23] reported that the 
early IL-4 production driving Th2 differentiation in a hu-
man in vivo allergic model is derived from mast cells. It 
was also demonstrated that eosinophils and basophils in 
mice have the ability to secrete IL-4 under conditions of 
allergic and parasitic worm immunity [24, 25]; and baso-
phils were assumed to be the initiators of Th2 responses 
[38]. Besides the cells mentioned above, there are other 
undefined innate immune cells that could be the early 
providers of IL-4. It has been found that injection of 
mice with alum leads to the accumulation in the spleen 
of a population of IL-4-producing Gr-1+ cells, which are 
required for priming and expansion of antigen-specific B 
cells [39]. However, until now, the mechanisms trigger-
ing the initial IL-4/IL-13 production have not been very 
clear. In our present work, we found that at an early stage 
of TCS injection, a group of IL-4-producing cells accu-
mulated in the peritoneal cavity. We identified these cells 
as eosinophils. To confirm that these cells could contrib-
ute to the pathogenesis of TCS-assisted OVA-specific air-
way inflammation, we transferred eosinophils from TCS-
treated WT or IL-4−/− mice to WT recipients followed 
by induction of airway inflammation with OVA. Results 
show that the eosinophils could replace TCS to favor 
OVA-specific allergic immune responses, and that their 
adjuvant function is IL-4 dependent. The results indicate 
that innate immune cells such as eosinophils triggered 
by TCS contribute to the initial IL-4 production, thus 
playing a critical role in initiating the Th2-type response, 
in favoring B cell priming and in recruiting Th2 cells to 
lungs as reported recently [31, 40]. Our observations are 
consistent with the results of Jordan et al. [39] and Wang 
et al. [41]. Jordan et al. found that injection of mice with 
alum led to the priming of spleen B cells and to the ac-
cumulation of a population of IL-4-producing Gr-1+ cells 
in the spleen. Wang et al. identified these cells as eosino-
phils. However, the mechanism underlying the trigger-
ing of eosinophils by TCS or alum remains unclear and 
needs further investigation. Recently, Trompette et al. [42] 
showed that Derp 2 has auto-adjuvant properties by in-
teracting with Toll-like receptors. It is certainly possible 
that natural allergens have common domains or sites, 
which can be recognized and bound by their specific 
receptors on immune cells in vivo, resulting in the induc-
tion of allergy.

In summary, we demonstrate that TCS has a novel 
function in inducing Th2-type responses and that TCS 
itself can induce airway inflammation without alum in-
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volvement. Furthermore, TCS is a Th2-type adjuvant that 
is capable of replacing alum in inducing OVA-specific 
allergic responses. More interestingly, this novel func-
tion relies upon initial IL-4 production by eosinophils. 
This indicates that during the natural process of allergic 
response development, cytokines (such as IL-4) derived 
from the innate immune cells are critical in initiating a 
Th2-type response. Our findings provide new insight for 
the mechanism of Th2-type response initiated by natu-
ral allergens, in which the innate immune cells, such as 
eosinophils, play an important role. Such studies should 
help provide clues for the development of new strategies 
in prevention of the allergic diseases. Finally, identifica-
tion of key molecules and investigation into the function 
of eosinophils using our model will improve our under-
standing of the pathogenesis of human asthma. 

Materials and Methods

Animals
 Female C57BL/6 mice, 4get mice and IL-4−/− mice (6-8 weeks 

of age) were obtained from the Jackson Laboratory and bred and 
maintained in the specific pathogen-free animal housing of our In-
stitute. All animal experiments involved groups of 5-10 mice each 
and were performed according to institutional and state guidelines.

Antigen and reagents
 The crystallized TCS injection solution was purchased from 

Jin-Shan Pharmaceutical Factory (Shanghai, China). OVA (Grade 
V) was obtained from Sigma-Aldrich (USA).

 Antibodies: Unless especially mentioned, the antibodies used 
were all purchased from BD Pharmingen (USA).

Induction of allergic airway inflammation in mice
 For induction of TCS-specific airway inflammation, mice 

were sensitized twice by i.p. with TCS (5 µg/mouse) in PBS with 
or without 1 mg alum on days 1 and 14. From day 21, mice were 
challenged 30 min/day with aerosolized TCS (2 mg/ml in PBS) for 
3 consecutive days. At 24 h after the last challenge, mice were sac-
rificed for analysis. For OVA-specific airway inflammation, mice 
were immunized with OVA (10 µg/mouse) with or without 1 mg 
alum by i.p. on days 1 and 14. From day 21, mice were challenged 
30 min/day with aerosolized OVA (1% w/v) for 5 consecutive 
days. 24 h after the last challenge, mice were sacrificed for analy-
sis. In the TCS-assisted OVA-specific airway inflammation experi-
ments, within 24 h before OVA immunization, mice were injected 
by i.p. with TCS (5 µg/mouse) or vehicle (PBS) as control. In IL-
4-blocking experiments, 0.5 mg/mouse 11B11 or rat IgG isotype 
(prepared in our laboratory) or vehicle was injected by i.v. at the 
same time as the TCS injection.

Collection of bronchoalveolar lavage fluid
After collection of serum, mice were sacrificed. Lungs were 

lavaged as previously described [43]. Briefly, the left lung was 
ligated, the trachea was cannulated and the right lung was lavaged 
thrice with 500 µl PBS. Cell counts were performed on cytospin 
preparations stained with May-Grünwald-Giemsa (Merck) and at 

least 200 cells were classified in blinded samples by an indepen-
dent investigator using standard morphological criteria. Cytokine 
levels in BALF were determined using commercially available 
cytokine ELISA kits (Quantikine; R&D Systems Inc. USA).

Histopathology
Immediately after collection of lavage fluid, lungs were incised 

and treated with ice-cold 4% paraformaldehyde in PBS. Sections 
of 5 µm thickness were cut, mounted on positively charged slides 
and stained with H&E.

Serum Ig production
Serum was separated by centrifugation and stored at −20 °C 

until analysis. TCS and OVA-specific serum IgE, and IgG2a levels 
were determined using ELISA methodology. HRP-conjugated anti-
mouse IgE (R35-92) or anti-mouse IgG2a (R19-15) was used. For 
the total IgE analysis, purified anti-mouse IgE capture mAb (R35-
72) was used to coat the plates. Purified mouse IgE (C38-2) served 
as standard. For IgG2a detection, the serum was diluted 100 times. 

Endotoxin detection test
The tests were performed using the Pyrosate KIT (Catalog 

number: PSD10). The sensitivity is 0.25 EU/ml. If a solid clot has 
formed, the result is positive (+). If no clot has formed, the result 
is negative (−), sample contains < 0.25 EU/ml. TCS injection (1.2 
mg/ml) served as sample.

Mediastinal lymph node cytokine secretion
 After mice were sacrificed, MLN cells were isolated, prepared 

as single cell suspension and seeded on 96-well plates. Cells were 
restimulated with TCS (10 ng/ml) or OVA (50 ng/ml) for 96 h, and 
the supernatant was collected for cytokine detection using ELISA.

Detection of cytokine levels in serum
 Mice were injected i.p. with 5 µg/mouse TCS. At different 

times after injection, the serum was collected for cytokine detec-
tion using ELISA (Quantikine) without dilution.

Flow cytometry and sorting
PECs were isolated from mice immunized with TCS, OVA or 

PBS for 24 h. For collection of PECs, peritoneal cavities were 
lavaged with ice-cold PBS and the lavage fluid was centrifuged 
and held for further analysis. Total PECs from TCS-treated 4get 
mice were detected and sorted according to eGFP. For cell type 
identification, PECs were stained with the following PE-labeled 
antibodies: anti-mouse CCR3 (83101, R&D systems), Gr-1 (RB6-
8C5), CD11b (M1/70, eBioscience), TCR (H57-597), CD19 (1D3), 
CD11c (HL3), NK1.1 (PK136), CD49b (DX-5), CD117 (2B8) 
and APC-labeled anti-mouse F4/80 (BM8, eBioscence). Isotype 
controls were conjugated rat IgG2a and hamster IgG. Cells were 
analyzed using a FACSCalibur cytometer with CellQuest software 
(BD Biosciences). For sorting eosinophils from TCS-immunized 
wild-type (WT) and IL-4−/− mice, PECs were double stained with 
FITC-labeled anti-mouse Gr-1 and PE-labeled anti-mouse CCR3.

Eosinophils morphological observation
Cell counts were performed on cytospin preparations stained 

with H&E and at least 300 cells were classified using standard 
morphological criteria.



 Cell Research | www.cell-research.com 

Novel function of TCS in induction of Th2 responses
10

npg

Transfer of eosinophils
 Eosinophils (3 × 106/mice) sorted from TCS immunized WT or 

IL-4−/− mice were injected i.p. into C57BL/6 mice at OVA immu-
nization, and followed with induction of airway inflammation with 
OVA.

Statistics
 For all experiments, the difference between groups was calcu-

lated using the unpaired t-test. P-values less than 0.05 were con-
sidered to be significant. Treatment groups of mice consisted of 
at least five mice each. Experiments were repeated at least thrice. 
Data shown are representative of these independent experiments; 
bars represent mean±S.E.M.
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