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Abstract 

Transforming growth factor (TGF)-β1 is involved in the processes of airway inflammation and remodeling; 

however, its reported roles in asthma pathogenesis are controversial. We sought both to investigate the 

effects of active immunization targeting TGF-β1 on allergen-induced airway inflammatory responses and 
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to evaluate its possible application for asthma treatment. BALB/c mice were immunized with a virus-like-

particle (VLP) vaccine presenting a TGF-β1 peptide. For the preventive intervention of acute allergic 

airway inflammation, immunization was conducted before sensitization and challenges with ovalbumin 

(OVA), and for the therapeutic treatment of chronic inflammatory responses, immunization was initiated 

after inflammatory responses were established. Preventive immunization with VLPs led to increased 

proinflammatory IL-4, IL-13, and IL-33 levels in the bronchoalveolar lavage fluids (BALF) with no 

significant effects on lung tissue inflammation and airway goblet cell hyperplasia. Therapeutic treatment 

showed that at 24 h after the fourth two-day challenge with OVA following two intraperitoneal 

sensitizations, airway subepithelial collagen deposition was significantly ameliorated in vaccinated mice, 

whereas the lung histology and cytokine profile in the BALF were not changed. In contrast, after a 4-week 

recovery from the last OVA challenge, the vaccinated mice’s collagen deposition remained reduced, but 

they sustained lung-tissue inflammation and goblet-cell hyperplasia; elevated IL-13, TNF, and IFN-γ levels 

in the BALF; and increased airway resistance, tissue resistance, and tissue elastance. In a conclusion, the 

role of TGF-β1 is complicated in allergic airway inflammatory responses. It is important to make a careful 

assessment in accordance with specific disease conditions when targeting TGF-β1 for a therapeutic 

purpose. 
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Introduction 

Transforming growth factor (TGF)-β1 is highly pleiotropic and multifunctional. Numerous studies have 

shown that TGF-β1 functions as an anti-inflammatory and immunosuppressive cytokine: it not only 

suppresses differentiation, proliferation, and the production and activity of cytokines but also promotes 

the apoptosis of various inflammatory cells 1-5. In addition, it both promotes the generation of regulatory 

T cells (Tregs) and regulates their suppressive function 6, 7. Conversely, TGF-β1 also has pro-inflammatory 

effects 1: it exerts potent chemoattractive activity and therefore contributes to the rapid accumulation of 

inflammatory cells at the inflammation site; it induces the differentiation of Th17 cells, which amplify 

inflammation both by secreting inflammatory cytokines such as IL-17 and by recruiting granulocytes. 

TGF-β1 is also a master regulator of tissue fibrosis and remodeling. It promotes the expression of 

profibrotic mediators in various cell types 8, 9. Furthermore, it is a key component in inducing the 

epithelial-mesenchymal transition (EMT). In vitro studies have shown that TGF-β1 stimulates the 

proliferation of mesenchymal cells; moreover, it induces the differentiation of fibroblasts into 

myofibroblasts to synthesize extracellular matrix (ECM) proteins 10. TGF-β1 also influences ECM 

component degradation by delicately balancing both MMP and tissue inhibitors of metalloproteinase 

activity 11, 12.Thus, TGF-β1 has the ability to elicit many of the structural alterations of airway remodeling. 

TGF-β1 is believed to play an important role in airway inflammation and remodeling processes within 

the asthmatic lung 8, 13. Its gene polymorphisms have been associated with asthma susceptibility and 

development 14, 15. Epithelial cells isolated from asthmatic lungs have been shown to undergo EMT upon 

TGF-β1 stimulation 16. Increased TGF-β1 mRNA and protein levels in either bronchial biopsy sections or 

the bronchoalveolar lavage fluids (BALF) have been observed in moderate to severe asthmatics in 

comparison to normal subjects or subjects with mild asthma 9. Finally, in a cross-sectional sample of 

children with severe asthma 17, both the levels of TGF-β1 expression and the number of TGF-β1 
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expressing cells showed a significant correlation not only with markers of airway remodeling 18 but also 

with airflow limitation. The above studies with clinical specimens suggest a direct role for TGF-β1 in 

airway remodeling. In mouse models, instillation into lungs and transgenic or adenoviral overexpression 

of TGF-β1 in the airway epithelium is sufficient to induce both airway collagen mRNA and protein 

deposition 19. A SMAD3 knockout model has demonstrated that TGF-β1 contributes to the development 

of airway remodeling 20. However, blocking TGF-β1 signaling with antibodies had varied outcomes, 

including reduced 21, 22, unaffected 23, 24 or increased pulmonary inflammatory responses 25, 26 and 

ameliorated 22, 24 or unaffected airway remodeling 27. 

Whereas TGF- β1 appears to be a potential target for the treatment of asthma, its roles in airway 

allergic inflammation and remodeling are controversial 28. In our previous study, administration of a TGF-

β1 peptide-based VLP vaccine significantly suppressed the development of colon fibrosis in a mouse 

model of chronic colitis 29. In this study, employing the same vaccine, we sought to investigate the effects 

of the persistent intervention of TGF-β1 signaling through active immunization on allergen-induced 

chronic airway inflammation, remodeling and hyper-responsiveness. 

Results 

Preventive experiments: immunization with VLPs increased proinflammatory cytokine levels in the BALF 

with no significant effects on lung-tissue inflammation  

The animal experiment was conducted pursuant to the protocol (Fig. 1A). TGF-β1-specific IgG 

responses were elicited through immunization with a VLP vaccine presenting a TGF-β1 antigenic peptide 

(Fig. 1B). The cytokine levels in the BALF were measured with ELISAs. IL-4, IL-13, IL-10, and IL-33 were 

present at elevated levels, and IL-5, IFN-γ and MUC5AC levels did not clearly change in the vaccinated 

mice compared to the controls (Fig. 1C). 
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The formalin-fixed left lungs were subjected to tissue processing, slicing, and staining with H&E and 

PAS, and a semiquantitative analysis (including a scoring system) of immune cell infiltration was 

performed (Fig. 1D). Mice in the PBS control group showed that sensitization and challenge with OVA led 

to severe immune-cell infiltration and significantly increased airway goblet-cell hyperplasia compared to 

the normal mice. Finally, there were no significant differences found between the vaccine group and the 

control groups. 

Interventional experiments: immunization with VLPs increased proinflammatory cytokine accumulation 

in the BALF and suppressed bodyweight gain at the endpoint, but it had no influence at the middle 

checkpoint 

To investigate whether TGF-β1-specific IgG that is induced after inflammatory responses have been 

established can suppress the further development of chronic asthma, a study was performed according 

to the protocol shown in Fig. 2A. We induced specific antibodies against TGF-β1, which were maintained 

at a high concentration throughout the experiments (Fig. 2B). 

The cytokine concentrations in the BALF were measured with ELISA at time points B (24 h after the 

fourth two-day challenge cycle of OVA) and C (4 weeks after discontinuing the OVA challenges). In the 

model mice (PBS group), the IL-33 concentration was elevated, and the TNF and MUC5AC levels were 

decreased dramatically at time point C compared to those at time point B, whereas IL-13, IL-17, and IFN-γ 

remained at similar levels (Fig. 2C). Compared to the carrier and saline controls, the vaccinated mice had 

significantly higher concentrations of IL-13, IFN-γ, and MUC5AC at time point C, but no differences were 

observed at time point B (Fig. 2C). The bodyweight data showed that OVA treatment induced significantly 

reduced bodyweight gain in the PBS, carrier and vaccine groups compared to the normal mice, and the 

weight gain in the vaccinated mice was significantly lower than in the PBS and carrier controls, indicating 

exacerbated airway inflammation and disease burdens (Fig. 2D). 
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Interventional experiments: sustained lung-tissue inflammation and airway goblet-cell hyperplasia 

were elevated significantly in vaccinated mice 

Increased goblet-cell abundance, a feature of airway remodeling, was analyzed using PAS-stained lung 

tissue sections. The results showed that mice receiving repeated OVA challenges had significant induced 

airway goblet-cell hyperplasia at time points B and C in comparison with the normal mice. Consistent 

with the increased MUC5AC concentration in the BALF detected by ELISA, semi-quantitative analyses of 

the PAS-stained sections with a scoring system showed that the goblet-cell abundance was significantly 

increased in the vaccinated mice at time point C in comparison with the carrier and saline groups; 

however, there was no significant difference found between the vaccine group and the controls at time 

point B. Representative pictures at time point C are shown (Fig. 3). 

Lung-tissue inflammation was assessed by H&E staining, and the results showed significant 

inflammatory cell infiltration around the bronchial and vascular trees in all of the groups at time point B; 

this infiltration was dramatically reduced (but still present) at time point C. Semiquantitative analyses 

showed that significant differences were evident between the vaccine and the control groups at time 

point C, indicating that immunization significantly maintained the infiltration of inflammatory cells into 

the lung tissue even if acute inflammatory responses had clearly diminished in the control mice; 

however, vaccination did not produce visible effects on tissue inflammation at time point B when 

comparing the vaccine group with the carrier and saline controls (Fig. 4). Representative pictures at time 

point C are shown (Fig. 4). 

Interventional experiments: airway subepithelial collagen deposition was reduced significantly in the 

vaccinated mice 

Extracellular matrix deposition, another feature of airway remodeling, was examined with Masson 

trichrome-stained lung tissue sections and quantitatively analyzed using a soluble collagen assay with 
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lung tissue homogenates. Collagen distribution was visualized in the lung tissue, where collagen was 

stained blue and the nuclei were stained black with a red background. Trichrome staining revealed that 

significant collagen deposition was found in the airway subepithelial extracellular matrix. As shown (Fig. 

5), four two-day challenge cycles of OVA induced significant collagen deposition around the bronchial and 

vascular tracts at time point B. This was also seen at time point C, 4 weeks after discontinuing the OVA 

challenges, although the strength and extent of collagen deposition were reduced. The collagen 

deposition in the lungs of the vaccinated mice was more moderate than in the controls, a finding that is 

supported by the result obtained from quantitative soluble collagen detection (Fig. 5). In summary, 

vaccination significantly decreased collagen deposition at time points B and C. 

Interventional experiments: the vaccinated mice showed significant increases in airway resistance, 

tissue resistance, and tissue elastance at the endpoint 

To assess the functional impact of the biomarkers of airway remodeling and inflammation, the airway 

and lung tissue mechanics were measured at time point C, when the acute inflammatory responses had 

declined (Fig. 6). The primary parameters of the respiratory mechanics measured included airway 

resistance, tissue resistance, and tissue elastance. All of the parameters were increased in the carrier and 

saline groups compared with the normal mice, indicating that sustained airway hyper-responsiveness was 

established by repeated OVA challenge and persisted at least 4 weeks after the allergen challenge was 

discontinued. Compared to the control groups, the vaccine group showed significant increases in 

allergen-augmented airway resistance, tissue resistance and tissue elastance at a dose of 50 mg/ml of 

methacholine stimulation (Fig. 6). The increases in lung mechanics found in the vaccinated mice are 

consistent with the increased sustained lung-tissue inflammation and elevated pro-inflammatory 

cytokines in the BALF, such as IL-13 and TNF, which are important in the development of airway hyper-

responsiveness. 
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Discussion 

Asthma is considered an allergic inflammatory airway disease, characterized with excessive Th2 

responses. In this current study, the inflammatory markers and pathophysiology of the airway, including 

inflammatory cells and cytokines accumulation in BALF, lung tissue inflammation, airway goblet cell 

hyperplasia, lung collagen deposition, and airway mechanics, were carefully characterized. We examined 

the levels of Th2-associated cytokines including IL-4, IL-5, IL-10, IL13, and IL-33. In chronic and refractory 

asthma, Th1 and Th17 responses were also reported to play important roles for the maintenance and 

progress of airway inflammation and lung tissue remodeling, and thus IL-17, TNF and IFN-γ were selected 

to be measured for the interventional study in a chronic model. Mucus overproduction is a cardinal 

feature of asthma pathophysiology, and thus the level of mucus protein MUC5AC was detected to 

provide a quantitative support to the semi-quantitative analysis of goblet cells hyperplasia using lung 

tissue sections with PAS staining. 

We employed a unique interventional strategy of active immunization targeting TGF-β1 in this study. 

This provided a distinct advantage over the passive administration of neutralizing antibodies used in the 

previous studies, i.e., only a brief immunization procedure can not only elicit a long-lasting specific 

antibody response but also provide persistent interventional effects 29, 30. TGF-β1 is critical in the process 

of tissue fibrosis through directly activating profibrotic cells and promoting mediators release, and 

therefore, this study investigated whether anti-TGF-β1 vaccination will suppress lung collagen deposition. 

However, TGF-β1 may affect indirectly lung fibrosis and tissue remodeling through modulating 

inflammatory responses. In the interventional experiments, 24 hours after the fourth OVA-challenge 

cycle, when airway inflammatory responses had been fully established, immunization with TGF-β1 

vaccine did not result in significant changes in the BALF cytokine profile, lung-tissue inflammation, or 

airway goblet-cell hyperplasia. The results that there were no overall obvious changes in the 
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inflammatory responses at this checkpoint may attribute to the dual anti- or pro- inflammatory effects of 

TGF-β1. It was reported that the anti-inflammatory effects of TGF-β1 are mediated by regulating 

lymphocyte homeostasis, inhibiting Th1 and Th2 cell responses, and promoting the differentiation of Treg 

cells 31. Conversely, TGF-β1 also exerts potent chemoattractive activity and induces the differentiation of 

pro-inflammatory Th17 and Th9 cells, thus amplifying inflammation 1. Another possible reason might be 

that the significantly elevated pro-inflammatory cytokines, such as IL-13, TNF and IL-5, played key roles in 

the development and maintenance of inflammation and therefore, neutralizing TGF-β1 did not have an 

obvious effect. In a study with an acute model while fibrosis is not detectable yet, prophylactic 

immunization was performed to show possible effects of targeting TGF-β1 on airway inflammatory 

responses. The results showed no obvious changes in lung histology assessment, although the cytokine 

levels in BALF were elevated in the immunized mice. The reasons may also attribute to the 

aforementioned dual roles of TGF-β1 in acute inflammatory responses. Notably, at the checkpoint of 24 

hours after the fourth OVA-challenge cycle, subepithelial deposition of collagen was suppressed in the 

vaccinated mice. Our results are consistent with a previous report that therapeutic treatment of mice 

with anti-TGF-β1 antibodies significantly reduced peribronchiolar ECM deposition in the lung without 

affecting established airway inflammation and Th2 cytokine production 24. The results strongly indicate 

that TGF-β1 does exert an important effect in repeated OVA challenge-induced airway subepithelial 

collagen deposition, and targeting TGF-β1 may provide the benefit of suppressing airway remodeling. 

In studies in which TGF-β1 has been neutralized using antibodies in animal models of airway 

inflammation, outcomes have generally been examined immediately after the OVA challenge, when 

acute inflammation is at its most severe 20, 21, 23-27. The results of these studies do not accurately reflect 

either the possible contributions of TGF-β1 to airway remodeling or the impact of airway remodeling on 

airway physiology. Therefore, in this study, we chose to evaluate a checkpoint at four weeks after the last 

OVA challenge, which allowed for the acute inflammatory responses to recover, and display the 
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influences of suppressing TGF-β1 on allergen-induced persistent inflammatory responses and 

remodeling. The results showed that lung tissue inflammation (the inflammatory profile was more 

mononuclear in nature than in the acute studies) persisted in vaccinated mice and was significantly more 

severe than in the control mice. Moreover, this inflammation was accompanied by elevated levels of pro-

inflammatory cytokines such as IL-13, IFN-γ, and TNF. The result of enhanced sustained inflammation in 

the vaccinated mice was distinctly different from that found in previous reports, in which inflammation 

was assessed 12 days after the final OVA challenge. In those reports, inhibition of TGF-β1 completely 

blocked the allergen-induced increase in monocytes/macrophages and reduced increases in eosinophils 

and lymphocytes 22. In contrast, it was also reported that the abrogation of TGF-β1 or TGF-β1 signaling 

pathways exacerbated eosinophilic infiltration 25-27
. The lack of consistency between the studies is most 

likely due to differences in the models and approaches used to inhibit TGF-β1 activity. In accordance with 

the increased inflammation, important features of airway remodeling such as airway goblet-cell 

hyperplasia and excessive mucus production were significantly increased in the vaccinated mice. The 

enhanced goblet-cell hyperplasia is consistent with the increases of BALF MUC5AC and IL-13 which 

significantly induces mucus hypersecretion. One explanation for our results may be deduced that TGF-β1 

exerted an overall anti-inflammatory effect during repeated OVA challenges by facilitating the generation 

of Treg cells and inhibiting the differentiation of Th2 and Th1 cells; suppressing TGF-β1 activity in vivo 

both impaired Treg cell induction and abolished tolerance, thus enhancing the airway and pulmonary 

inflammatory responses. 

Our investigation of airway mechanics showed that airway resistance, tissue elastance and tissue 

resistance were elevated in the vaccinated mice. Additionally, our study showed that collagen deposition 

was reduced in the vaccinated mice. Similar results were reported previously by Alcorn et al 23. The 

results contrast with the well-accepted notion that collagen deposition results in tissue remodeling that 

both limits airway contraction and causes airway hyper-responsiveness 32. As a possible explanation, it 
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has been proposed that fibrotic remodeling of the airway wall may actually reduce AHR by stiffening the 

airway and making it more resistant to constriction 33; conversely, our results may simply indicate the 

combined effects of reduced airway responses due to the ameliorated remodeling and elevated airway 

responses caused by sustained inflammation that are evidenced by the increased infiltration of 

inflammatory cells and BALF cytokines. 

Although the inflammatory markers and pathophysiology of the airway were carefully characterized in 

this current study, the detailed mechanisms underlying the lung pathophysiology (e.g., how the 

immunization targeting TGF-β1 may modulate the Treg, Th1, Th2, Th17, and Th9) remain to be further 

studied. In addition, mice in this study were challenged with OVA which is not a natural allergen, and 

repeated challenges with OVA caused mice an obvious immune tolerance, which may affect the lung 

pathophysiological mechanisms and the appropriate assessment on interventional effects of targeting 

TGF-β1. Furthermore, the study was performed in a murine model of asthma, which may have limitations 

for the interpretation of the data to clinical application considering the differences of airway structure, 

immune system, and disease inducement, etc. 

The results presented here indicate that the role of TGF-β1 is complicated in allergic airway 

inflammatory responses, likely due to varied immune microenvironments. Targeting TGF-β1 with a 

vaccine may ameliorate airway collagen deposition but exacerbate sustained airway inflammation, 

mucus production and airway mechanics. We clearly showed that the vaccine intervened successfully 

TGF-β1 activities and it could be applied effectively for mechanism studies in animal models. While the 

applicability of this approach in clinic appeared to be controversial, which was indicated in murine 

models of asthma in our current and the other studies 21-27,the actual prospective of the vaccine may 

need to be assessed in the models of larger animals such as primates and even human clinical studies. 

And, the strategy is likely to be practicable for some other diseases, for which fibrosis process or immune 
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suppression rather than inflammation is critical in pathogenesis. For example, the TGF-β1 vaccine may be 

potent to modulate immunosuppressive tumor microenvironment and enhance specific anti-tumor 

cellular immune. In summary, the vaccine itself has been proven to be working and effective from the 

view of its capability of intervening TGF-β1 activities in this current study; the further development of this 

vaccine is probably to identify the applicable diseases and disease conditions; while both TGF-β1 and its 

antagonists are considered potent clinical treatments for some severe human diseases such as asthma, 

the safety issues of these strategies must be seriously considered. 

Materials and Methods
 

Mice 

Female BALB/c mice (6- to 8-wk-old) (SCXK [jing] 2012– 0001; 16–18 g), purchased from Vital River 

Laboratory Animal Technology Co., Ltd., were raised and maintained in the Central Animal Care Services 

of the Institute of Medical Biology, CAMS, and PUMC, under specific-pathogen-free (SPF) conditions. All 

of the animal experiment protocols were approved by the Institute’s Animal Ethics Committee. 

Immunization, sensitization and challenge 

Preparation of the vaccine was performed as described in our previously published papers 29, 34. Briefly, 

an antigenic peptide from mouse TGF-β1 (66–74 amino acids: QHNPGASAS) was inserted between 78–

79 amino acids in the immunodominant epitope of HBcAg (1–149 amino acid, GenBank accession 

number: GQ377581) through gene engineering methods. The recombinant proteins were expressed in E. 

coli DH5α cells, and VLPs were purified using 40% ammonium sulfate precipitation and a combined 

chromatography procedure consisting of Sepharose CL-4B (Sigma-Aldrich) and Ceramic Hydroxyapatite 

columns (Bio-Rad). The protocols for the animal studies are shown (Fig. 1A, 2A). In the preventive study, 

4 groups of mice were included. Group 1, vaccine (n = 6): immunized subcutaneously (s.c.) with 50 µg of 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

] 
at

 0
5:

53
 1

0 
M

ar
ch

 2
01

6 

file:///C:/Dhivya.M/KHVI_A_1145849/KHVI_A_1145849.doc%23_ENREF_29
file:///C:/Dhivya.M/KHVI_A_1145849/KHVI_A_1145849.doc%23_ENREF_34


 

vaccine, then subjected to intraperitoneal (i.p.) sensitization and intranasal (i.n.) challenge with OVA 

(Sigma-Aldrich, grade IV); group 2: carrier (n = 6): immunized s.c with 50 µg of carrier (HBcAg VLPs 

without the epitope inserted) and sensitized/challenged with OVA; group 3: phosphate buffered saline 

(PBS, 0.02 M sodium phosphate buffer, 0.15 M NaCl, pH 7.2) (n = 6): administered s.c. with PBS and 

sensitized/challenged with OVA; group 4, normal control (n = 6): mice were not administered any 

treatment. In the interventional study, 4 groups of mice (n = 14/each group) were included, including 

the vaccine, carrier, PBS and normal control groups. The mice were immunized after acute inflammatory 

responses were established. At the checkpoints, mice were subjected to heart puncture for blood 

sampling under anesthetization with isoflurane, and then euthanized by cervical dislocation. 

Bronchoalveolar lavage fluid (BALF) collection and differential cell counts 

The BALF was collected with three repeated washes of the excised lungs using 1 ml PBS. After 

cytospinning, the slides were stained with HEMA 3 (Fisher Diagnostics, Pittsburg, PA, USA). Differential 

cell counts were performed according to standard hematological procedures. At least 400 cells were 

counted from each preparation. 

Cytokines and antibody measurements with enzyme-linked immunosorbence assay (ELISA) 

Cytokine levels in the BALF supernatants and TGF-β1-specific IgG were assayed using ELISA, either as 

previously described 29, 30, 34 or by following the manufacturer’s instructions (PharMingen, San Diego, CA). 

Histological assessment 

The left lungs were fixed in formalin, then embedded in paraffin and sectioned. Specimens were 

stained either with hematoxylin and eosin (H&E) or with periodic acid Schiff (PAS). As previously 

described 30, peribronchiolar and perivascular inflammation in the H&E-stained slides were assessed 

using an indexed scale: 0 = normal; 1 = infrequent inflammatory cells; 2 = a ring of inflammatory cells 1 
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cell layer deep; 3 = a ring of inflammatory cells 2 - 4 cells deep; 4 = a ring of inflammatory cells of > 4 cells 

deep. Goblet-cell abundance was measured as the percentage of PAS-positive cells in the total airway 

epithelia of medium-sized airways. Collagen deposits were detected by staining the sections with 

Masson's trichrome solution. 

Soluble collagen assay 

The right lungs were homogenized in 0.5 M acetic acid containing 1 mg of pepsin (at a concentration of 

10 mg of tissue/5 ml of acetic acid solution). The resulting mixture was then incubated and stirred for 24 

h at 4°C. The total soluble collagen content of the mixture was determined using a Sircol Collagen Assay 

Kit (Biocolor ltd., Carrickfergus, Antrim, UK), following the manufacturer’s instructions. The collagen 

content was normalized to the total protein concentration. 

Analysis of airway and lung-tissue mechanics 

Airway reactivity was measured using a flexiVent small-animal ventilator (Scireq Respiratory 

Equipment Inc., Montreal, PQ, Canada). As described previously 30, the mice were anesthetized and then 

received serial dilutions of methacholine, which were nebulized through a cannula inserted in the 

trachea. The respiratory mechanics were assessed using a preset flexiVent Prime-8 low-frequency forced 

oscillation protocol. 

Statistical analysis 

Differences between experimental groups were assessed by one-way analysis of variance (ANOVA), 

followed by the Newman-Keuls multiple-comparison test (GraphPad Prism 3.03, GraphPad Software, Inc., 

San Diego, CA, USA). The values are reported as the mean ± standard error of the mean. 
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Figure 1 Active immunization targeting TGF-β1 in an acute model of allergic airway inflammation 

(preventive experiments). (A) Protocol used for the animal experiments. (B) TGF-β1-specific IgG 

responses in the serum. The y-axis represents antibody titers, which was determined as the reciprocal of 

the highest dilution of the sample in which the OD405 value was twice of that of the corresponding 

control serum pooled from carrier immunized mice when its OD405 was around 0.10. (C) Cytokine levels 

in the BALF measured with ELISAs. (D) Semi-quantitative analyses of lung histology. Peribronchiolar and 

perivascular accumulation of inflammatory cells was assessed with H&E-stained sections using an 

indexed scale. Goblet-cell abundance was measured as the percentage of PAS-positive cells in the total 

airway epithelia of medium-sized airways. The data are expressed as score values. # P < 0.05, ## P < 0.01, 

### P < 0.001, ns: not significant; N = 6/group. 
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Figure 2 The cytokine profile in the BALF was significantly affected in mice vaccinated at four weeks after 

discontinuation of OVA challenge (interventional experiments). (A) Protocol used for the animal 

experiments. (B) TGF-β1-specific IgG responses in the serum. (C) Cytokine levels in the BALF measured 

with ELISAs. (D) Changes in the bodyweight. The statistical analyses were performed with one-way 

ANOVA followed by Newman-Keuls multiple-comparisons test. #P < 0.05, ## p < 0.01, ### p < 0.001; N = 

6/group at time point B, and N = 8/group at time point C. 
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Figure 3 Sustained airway goblet cell hyperplasia was elevated significantly in mice vaccinated at four 

weeks after discontinuation of OVA challenge (interventional experiments). (A) Lung sections were 

stained with PAS, and the representative images are shown (original magnification, ×200). The inserts are 

powered magnifications showing goblet cells, and arrows point to goblet cells with pink color within the 

respiratory epithelium. (B) Semi-quantitative analysis. Goblet-cell abundance was measured as the 

percentage of PAS-positive cells in the total airway epithelia of medium-sized airways. The data are 

expressed as score values. The statistical analyses were performed with one-way ANOVA, followed by a 

Newman-Keuls multiple-comparison test. #P < 0.05; N = 6/group at time point B, and N = 8/group at time 

point C. 
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Figure 4 Sustained lung-tissue inflammation was significantly elevated in mice vaccinated at four weeks 

after discontinuation of the OVA challenge (interventional experiments). (A) Lung sections were stained 

with H&E, and the representative images are shown (original magnification, ×200). (B) Semi-quantitative 

analysis. Peribronchiolar and perivascular accumulation of inflammatory cells was assessed using an 

indexed scale. The data are expressed as score values. The statistical analyses were performed with one-

way ANOVA followed by a Newman-Keuls multiple-comparison test. # P < 0.05, ## p < 0.01, ns: not 

significant; N = 6/group at time point B, and N = 8/group at time point C. 
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Figure 5 Airway subepithelial collagen deposition was reduced significantly in vaccinated mice 

(interventional experiments). (A) Lung sections were stained with Masson trichrome, and representative 

images are shown (original magnification, ×200). (B) A soluble collagen assay with lung tissue 

homogenates was performed for the quantitative detection of collagen deposition. The statistical 

analyses were performed with one-way ANOVA followed by a Newman-Keuls multiple-comparison test. # 

P < 0.05; N = 6/group at time point B, and N = 8/group at time point C. 
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Figure 6 Vaccinated mice showed significant increases in airway resistance, tissue resistance, and tissue 

elastance at four weeks after discontinuation of OVA challenge (interventional experiments). Respiratory 

mechanic responses to inhaled methacholine were analyzed using low-frequency forced oscillation with a 

small-animal ventilator. The statistical analyses were performed with one-way ANOVA followed by a 

Newman-Keuls multiple-comparison test. *P < 0.05, between vaccine and carrier; #P < 0.05, between 

vaccine and carrier; N = 8/group. 
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