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Abstract: The immune responses of T-helper (Th) and T-regulatory cells are thought to 

play a crucial role in the pathogenesis of allergic airway inflammation observed in asthma. 

The correction of immune response by these cells should be considered in the prevention and 

treatment of asthma. Native antigen 85B (Ag85B) of mycobacteria, which cross-reacts among 

mycobacteria species, may play an important biological role in host–pathogen interaction since 

it elicits various immune responses by activation of Th cells. The current study investigated 

the antiallergic inflammatory effects of DNA administration of Ag85B from Mycobacterium 

kansasii in a mouse model of asthma. Immunization of BALB/c mice with alum-adsorbed 

ovalbumin followed by aspiration with aerosolized ovalbumin resulted in the development of 

allergic airway inflammation. Administration of Ag85B DNA before the aerosolized ovalbumin 

challenge protected the mice from subsequent induction of allergic airway inflammation. Serum 

and bronchoalveolar lavage immunoglobulin E levels, extent of eosinophil infiltration, and levels 

of Th2-type cytokines in Ag85B DNA-administered mice were significantly lower than those 

in control plasmid-immunized mice, and levels of Th1- and T-regulatory-type cytokines were 

enhanced by Ag85B administration. The results of this study provide evidence for the potential 

utility of Ag85B DNA inoculation as a novel approach for the treatment of asthma.
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Introduction
Asthma is characterized by airway hyperresponsiveness to a variety of specific and 

nonspecific stimuli, chronic pulmonary inflammation with eosinophilia, excessive 

mucus production, and high serum immunoglobulin E (IgE) levels. T-helper-2 (Th2) 

cells are thought to play a crucial role in the initiation, progression, and persistence of 

asthma in association with the production of interleukin-4 (IL-4), IL-5, and IL-13.1–3 

Bronchoalveolar lavage (BAL) T-cells from human asthmatics have been reported 

to express elevated levels of IL-4 and IL-5 messenger ribonucleic acid (mRNA).4,5 

Although the correction of this deviation to Th2-type immune responses is considered to 

be necessary to achieve therapeutic and preventive effects on asthma, it is not sufficient 

to obtain therapeutic effects in many cases. Another subset of T-cells, T-regulatory 

(Treg) cells, has been reported to be important in the development of allergic diseases 

such as asthma.6 Many studies have suggested that effective immunotherapy for allergic 

diseases is associated with immune deviation from a disease-promoting Th2 response 

towards a Th1 response, with Treg cells having appropriate functions.7 However, the 

induction of both subsets of cells – Th1 and Treg cells – for the treatment of asthma 

using immunological strategic tools is very difficult.
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Administration of mycobacteria, including the bacillus 

Calmette–Guerin, has been thought to be effective for pre-

venting the development of asthma by induction of Th1-type 

immune responses and inhibition of IgE by the production of 

IL-21 from natural killer T-cells.8–10 However, the relation-

ship between bacillus Calmette–Guerin infection or myco-

bacteria immunization and asthma in humans is controversial 

because of the many causative factors affecting the induction 

of immune responses by mycobacteria, eg, human genetic 

background, mycobacteria strains, and environmental fac-

tors (reviewed in Arnoldussen et al).11 From these findings, 

bacterial products from mycobacteria for immunotherapy 

against allergic disease should eliminate the harmful effects 

of host genetic factors, environmental factors, and strain 

specificity of mycobacteria.

Antigen 85B (Ag85B) is one of the most dominant protein 

antigens secreted from all mycobacterial species and has 

been shown to induce substantial Th cell proliferation and 

vigorous Th1 cytokine production.12 Moreover, the induction 

of Th1-type immune responses by immunization of Ag85B 

was enhanced by presensitization with bacillus Calmette–

Guerin.13,14 From these findings, the effectiveness of Ag85B 

DNA as immunotherapy for tumor disease and as a vaccine 

adjuvant for infectious disease, by its ability to induce Th1-

type immune responses, was also reported.13,14 The current 

study investigated whether Ag85B DNA from Mycobacte-

rium kansasii can inhibit the development of allergic airway 

inflammation as a novel immunotherapy.

Material and methods
Induction of allergic inflammation in mice
BALB/c female mice used in this study were handled accord-

ing to ethical guidelines approved by the Institutional Animal 

Care and Use Committee of National Institute of Biomedical 

Innovation, Japan. The mice were sensitized to ovalbumin 

(OVA; Sigma-Aldrich, St Louis, MO) and challenged with 

aerosolized OVA according to a modification of the method 

of Nishikubo et al.15 Briefly, mice were subcutaneously 

immunized with 10 µg OVA complexed with alum on days 

zero and 14. On days 21–25 after the first immunization, mice 

were challenged with an aerosol of 5% OVA in phosphate-

buffered saline in a chamber for 20 minutes.

Administration of DNA
Mice were intraperitoneally administered 50 µg plasmid 

DNA encoding Ag85B DNA once on day –7, zero, 14, or 21. 

An empty plasmid vector (pcDNA™ 3.1; Life  Technologies, 

Carlsbad, CA) was used as a control (Figure 1A).

BAL fluid collection
BAL fluid was obtained by injecting and recovering two 0.5 mL 

aliquots of phosphate-buffered saline via a tracheal  cannula. 

BAL fluid and sera were collected 25 days after the first OVA 

immunization. Cells in the BAL fluid were counted using a 

hematocytometer, and the differentials were determined by 

utilizing light microscopy to count 300 cells on Cytospin® 

preparations (Thermo Fisher Scientific, Waltham, MA). The 

concentration of inflammatory protein was measured by Protein 

Assay Reagent (Bio-Rad Laboratories, Hercules, CA).

Quantitation of IgE
IgE levels in sera were measured using enzyme-linked 

immunosorbent assay (ELISA) kits according to the proce-

dure recommended by the manufacturer (Shibayagi Co, Ltd, 

Shibukawa, Japan).

Determination of cytokine production
Lymphocytes obtained from thoracic lymph nodes of immu-

nized mice (5 × 106) were cultured with 10 µg/mL OVA in 

24-well culture plates at a volume of 2 mL. After incubation 

at 37°C in a humidified incubator (5% carbon dioxide) for 

48 hours, culture supernatants were collected and analyzed 

for production of interferon-γ (IFN-γ; Life Technologies) or 

IL-4 (Quantikine®; R&D Systems, Minneapolis, MN) by an 

ELISA assay according to the manufacturer’s protocol (Life 

Technologies). The amounts of IL-5 and IL-13 in BAL fluid 

were also measured by an ELISA kit (R&D Systems) 25 days 

after the first OVA immunization.

Detection of cytokine mRNA from 
lymphocytes using real-time polymerase 
chain reaction
Total RNA was purified from OVA-stimulated or fetal calf 

serum (control)-stimulated spleen cells using Isogen (Nippon 

Gene Co, Ltd, Tokyo, Japan) following the manufacturer’s 

instructions. For the real-time reaction, a reverse transcrip-

tion system (Promega Corporation, Fitchburg, WI) was 

used. Polymerase chain reaction was performed in a total 

volume of 50 µL of 1 × polymerase chain reaction buffer 

(Takara Shuzo, Kyoto, Japan) containing 0.5–1.0 µg of 

complementary DNA, 0.25 mM of each deoxyribonucleotide 

triphosphate, 2 µM of each primer, and 2.5 U of Taq DNA 

polymerase (Takara Shuzo). The specific primer pairs used 

were described previously.15 The samples were amplified for 

30–35 cycles under the following conditions: annealing for 

30 seconds at 56°C, extension for 1 minute at 73°C, and dena-

turation for 30 seconds at 93°C. The reaction products were 
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analyzed on 2% agarose, Tris-buffered ethylenediaminetet-

raacetic acid gel. Photographs of the gels were scanned, 

and band intensities were measured using a densitometer 

(CS Analyzer 3.0; ATTO Corporation, Tokyo, Japan). The 

quantity of cytokine mRNA was determined by the ratio of 

cytokine and beta actin band intensities. The profiles shown 

are representative of three independent experiments.

Histopathological examinations
Histopathological examinations of the lungs of the mice 

that had been administered Ag85B DNA or control DNA 

were performed. All tissues were obtained 25 days after 

the first OVA immunization. The tissues were fixed in 10% 

formalin, embedded in paraffin, sectioned, and stained with 

hematoxylin and eosin. Results for healthy naïve mice and 

control plasmid DNA-immunized mice are also shown.

Statistical analysis
Statistical analyses were performed using the Mann–Whitney 

U test and the Kruskal–Wallis test. Values are expressed 

as mean ± standard deviation. A 95% confidence limit was 

considered to be significant (P , 0.05).

Results
Inhibition of the development of allergic 
inflammation in the lung by administration 
of Ag85B DNA
Mice were sensitized to OVA and challenged with aero-

solized OVA as described previously.11 These mice were 

intraperitoneally administered 50 µg plasmid DNA encoding 

Ag85B once on day –7, zero, 14, or 21. An empty plasmid 

vector (pcDNA 3.1) was used as a control (Figure 1A). 

Plasmid DNA injection

Day −7

Day −7

Day 0 Day 14

OVA
immunization

OVA
immunization

Aerosol sensitization

Day 21 Day 25

Day 0

Day 14

Day 21

Empty plasmid

Healthy naïve

Bar 50 µm
×200

Ag85B DNA

A

B

Figure 1 Inhibition of the development of allergic inflammation in lungs by administration of Ag85B DNA vaccine. (A) Experimental design used to investigate the effects of 
Ag85B DNA vaccine on OVA-induced asthma. Mice were subjected to an OVA sensitization scheme,15 and 50 µg of Ag85B DNA vaccine was intraperitoneally injected once 
on days -7, 0, 14, or 21. A control plasmid was also administered on the same day. (B) Results of histopathological examination of lungs of mice that had been administered 
Ag85B DNA or control DNA. All tissues were obtained 25 days after the first OVA immunization. The tissues were fixed in 10% formalin, embedded in paraffin, sectioned, 
and stained with hematoxylin and eosin.
Abbreviations: Ag85B, antigen 85B; OVA, ovalbumin.
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 Histopathological examinations of the lungs of mice injected 

with Ag85B DNA or control DNA and the lungs of healthy 

naïve mice were performed 25 days after the first inoculation 

of the plasmid. The lungs of mice that were administered 

Ag85B DNA on days –7, zero, and 14 did not show any 

pathological abnormalities compared with those of healthy 

naïve mice, but the lungs of mice that were administered 

Ag85B DNA on day 21 showed mild inflammation due to 

infiltration of eosinophils  (Figure 1B). Mice administered 

the control plasmid did not show any inhibitory effects on 

the development of allergic inflammations. These results 

indicated that Ag85B DNA administration was effective 

for inhibiting the development of allergic inflammation, 

especially in the early phase of antigen sensitization.

Marked inhibition of allergic immune 
responses by administration of Ag85B 
DNA
The levels of protein, total cells, eosinophils, lymphocytes, 

and neutrophils in BAL fluid from mice immunized with 

Ag85B DNA vaccine were significantly lower than those 

in BAL fluid from mice vaccinated with control DNA 

 (Figure 2A–F). Administration of Ag85B DNA also resulted 

in a significant reduction in the level of OVA-specific IgE 

(Figure 2G). The concentrations of Th2-type cytokines (IL-5 

and IL-13) in BAL fluid from mice immunized with Ag85B 

DNA vaccine were significantly lower than those in BAL 

fluid from control mice (Figure 3A and B). These inhibitory 

effects on the development of allergic inflammation were 

correlated with day of Ag85B DNA injection. Injection on an 

early day was more effective for inhibiting the development 

of allergic inflammation. These results were also confirmed 

by histopathological observation.

Effects of Ag85B DNA administration  
on the production of IL-4 and IFN-γ  
in response to OVA
The production of OVA-specific cytokines in lymph node 

cells after in vitro stimulation with OVA were assessed. 

The lymphocytes obtained from thoracic lymph nodes were 

stimulated in vitro with OVA for 48 hours. IL-4 and IFN-γ 

levels were measured in culture supernatants by ELISA. The 

level of IL-4 in culture supernatants from cells of Ag85B 

DNA-immunized mice was much lower than in culture 

supernatants from cells of control mice (Figure 4A). On the 

other hand, the production level of IFN-γ in Ag85B DNA-

immunized mice was significantly higher than in control 

DNA-immunized mice (Figure 4B).

Expression of cytokine mRNA  
in pulmonary lymph node cells  
after stimulation with OVA
The production of OVA-specific cytokines was also con-

firmed by mRNA levels of Th1-type cytokines (IFN-γ, IL-2, 

and IL-12) and Th2-type cytokines (IL-4, IL-5, and IL-13) 

(Figure 5A–C). Lymph node cells from Ag85B DNA 

vaccine-immunized mice showed strong IFN-γ, IL-2, and 

IL-12 expression and weak IL-4, IL-5, and IL-13 expres-

sion of mRNA, whereas control DNA-immunized mice 

showed the completely opposite results. The cells from 

control mice showed strong mRNA expression of Th2-type 

cytokines and weak mRNA expression of Th1-type cytokines 

 (Figure 5A–C). It has been reported that therapeutic effects 

against asthma by administration of the culture supernatant 

of M. vaccae were derived from Treg cells by the induction 

of IL-10 and transforming growth factor-β.16 In the current 

study, mRNA expression levels of IL-10 and transforming 

growth factor-β in lymph node cells obtained from mice 

immunized with Ag85B DNA were much higher than those 

in lymph node cells obtained from control mice after in vitro 

stimulation with OVA (Figure 5A and D). Another Th17 

cell lineage, which is associated with allergen-induced air-

way allergic inflammation, was also assessed by the mRNA 

expression of cytokines. In the current experiment, mRNA 

expression of IL-17 was seen in both control DNA-immu-

nized and Ag85B-DNA immunized mice after stimulation 

with OVA, with no difference in the mRNA expression 

levels of IL-17 between these groups (Figure 5A and E). The 

mRNA expression of IL-23 was also assessed since IL-23 is 

associated with the maturation of Th17 cells.17 Expression of 

IL-23 mRNA was observed at the same level in all samples 

(Figure 5A and E). Inhibitory effects on the development 

of allergic inflammation are readily obtained in a mouse 

model of asthma through the administration of Ag85B DNA. 

These effects of immunotherapy by Ag85B DNA are due to 

activation of the immune responses of Th1 and Treg cells 

and inhibition of the responses of Th2 cells as a result of the 

enhancement of responses of Th1 and Treg cells.

Discussion
Current treatments of nonspecific immunosuppressive ther-

apy for asthma, such as administration of glucocorticoids, are 

not satisfactory. Although these treatments are highly effec-

tive for controlling disease, most patients must continue to 

take these drugs throughout their lives.  Moreover, these drugs 

have side effects, and asthma cannot be controlled by these 

drugs in up to 30% of patients. Given the high  prevalence 
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Figure 2 Marked inhibition of the development of allergic inflammation by administration of Ag85B DNA. BAL fluid was obtained by injecting and recovering two 0.5 mL 
aliquots of phosphate-buffered saline via a tracheal cannula. Cells in the lavage fluid were counted using a hematocytometer, and the differentials were determined by utilizing light 
microscopy to count 300 cells on Cytospin® preparations (Thermo Fisher Scientific, Waltham, MA). The concentration of inflammatory protein was measured by Protein Assay 
Reagent (Bio-Rad Laboratories, Hercules, CA). Results for healthy naïve mice and control plasmid DNA-immunized mice are also shown. (A) Total protein, (B) number of cells,  
(C) eosinophils, (D) lymphocytes, (E) neutrophils, and (F) monocytes in BAL fluid from experimental animals were investigated. (G) The degrees of ovalbumin-specific immunoglobulin 
E responses in sera collected from experimental mice were also analyzed. Immunoglobulin E levels in sera were measured using enzyme-linked immunosorbent assay kits according 
to the procedure recommended by the manufacturer (Shibayagi Co, Ltd, Shibukawa, Japan). BAL fluid and sera were collected 25 days after the first ovalbumin immunization.
Notes: Data are representative of at least three independent experiments; values shown are the means and standard deviations of five mice per group; statistical analysis 
was performed using the Mann–Whitney U test and the Kruskal–Wallis test.
Abbreviations: Ag85B, antigen 85B; BAL, bronchoalveolar lavage.
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Notes: Data are representative of at least three independent experiments; values represent mean and standard deviation of ten mice per group; statistical analysis was 
performed using the Mann–Whitney U test and the Kruskal–Wallis test.
Abbreviations: Ag85B, antigen 85B; IFN-γ, interferon-γ; IL-4, interleukin-4; OVA, ovalbumin.
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Figure 3 IL-5 and IL-13 production in BAL fluid. Amounts of (A) IL-5 and (B) IL-13 in BAL fluid were measured using an enzyme-linked immunosorbent assay kit 
(R&D Systems, Minneapolis, MN) 25 days after the first ovalbumin immunization.
Notes: Data are representative of at least three independent experiments; values shown are means and standard deviations of five mice per group; statistical analysis was 
performed using the Mann–Whitney U test and the Kruskal–Wallis test.
Abbreviations: Ag85B, antigen 85B; BAL, bronchoalveolar lavage; IL, interleukin.

of this disease, improved and more effective therapeutic 

strategies are needed. The results of many studies have sug-

gested that effective immunotherapy for allergic disease is 

associated with immune deviation from a disease-promoting 

Th2 response towards a Th1 response, with Treg cells hav-

ing appropriate functions (reviewed in Takeda et al).18 In 

the current study, the applicability of plasmid encoding 

complementary DNA of Ag85B from mycobacteria DNA 

to gene therapy of asthma was assessed. Although the intro-

duced DNA is expressed predominantly by somatic cells, it 

is known that a relatively small but biologically significant 

number of dendritic cells are transfected with the inoculated 

DNA.19–21 Moreover, it was recently reported that systemic 

inoculation of a plasmid DNA may cause dendritic cell 

 activation through direct transfection into dendritic cells.22 

It was demonstrated that inhibitory effects on the develop-

ment of allergic inflammation are readily obtained in a mouse 

model of asthma through the administration of Ag85B DNA, 

even with only a single administration before or after antigen 

sensitization.

The mechanism of immune responses induced by Ag85B 

remains unclear. Various products having adjuvant activities, 

eg, lipopolysaccharide, cytosine-phosphodiester-guanine 

motif, and polyinosinic:polycytidylic acid, involve toll-

like receptors (TLRs) and show augmentation of Th1-type 

immune responses.18 It was previously reported that plasmid 

DNA encoding Ag85B stimulated the expression of TLR2, 

TLR3, and TLR4 mRNA. One possibility is that the  induction 
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Figure 5 Detection of cytokine messenger ribonucleic acid from lymphocytes using real-time polymerase chain reaction. Spleen cells were stimulated in vitro with OVA for 
1 day in culture. Spleen cells stimulated with fetal calf serum were used as controls. Total ribonucleic acid was purified from the OVA-stimulated or fetal calf serum (control)-
stimulated spleen cells using Isogen (Nippon Gene Co, Ltd, Tokyo, Japan) following the manufacturer’s instructions. For the real-time reaction, a reverse transcription system 
(Promega Corporation, Fitchburg, WI) was used. Polymerase chain reaction was performed in a total volume of 50 µL of 1 × polymerase chain reaction buffer (Takara Shuzo, 
Kyoto, Japan) containing 0.5–1.0 µg of complementary DNA, 0.25 mM of each deoxyribonucleotide triphosphate, 2 µM of each primer, and 2.5 U of Taq DNA polymerase 
(Takara Shuzo). The specific primer pairs used were previously described.15 The samples were amplified for 30–35 cycles under the following conditions: annealing for 
30 seconds at 56°C, extension for 1 minute at 73°C, and denaturation for 30 seconds at 93°C. (A) The reaction products were analyzed on 2% agarose, Tris-buffered 
ethylenediaminetetraacetic acid gels. (B–E) Photographs of the gels were scanned, and band intensities were measured using a densitometer (CS Analyzer 3.0; ATTO 
Corporation, Tokyo, Japan). The quantity of cytokine messenger ribonucleic acid was determined by the ratio of cytokine and beta actin band intensities.
Notes: *P , 0.005; the profiles are representative of three independent experiments; statistical analysis was performed using the Mann–Whitney U test and the 
Kruskal–Wallis test.
Abbreviations: Ag85B, antigen 85B; IFN-γ, interferon-γ; IL, interleukin; OVA, ovalbumin; TGF-β, transforming growth factor-β.

of Th1-type immune responses by Ag85B is involved in 

innate immune responses. From this result, the activation of 

Th1 and Treg cells by Ag85B administration was thought 

to be involved in responses through stimulation of TLR2, 

TLR3, and TLR4, but not TLR9.14 Various proteins derived 

from pathogens promote Th1 responses through stimulation 

of TLRs and subsequently through secretion of cytokines.18 

It has also been reported that TLR signaling induces not only 

Th1-type immune responses but also secretion of various 

cytokines from Treg cells.23–27 Moreover, recent studies have 
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indicated that Th1 cells produce IL-10 as well as Th1-type 

cytokines by Notch regulation-dependent signal transducer 

and activator of transcription-4 signaling.28 From these find-

ings, effective immunotherapy by induction of both Th1 cell 

and Treg cell responses is thought to be possible by using 

appropriate materials. In fact, an asthma model of mice immu-

nized with culture supernatant of mycobacteria, M. vaccae, 

showed Th1 and Treg responses.16 The results of the current 

study suggest that the administration of Ag85B DNA has 

several potential advantages due to the activation of Th1 and 

Treg cells for the prevention and treatment of asthma.

Immunization with mycobacteria or mycobacteria 

products has been reported to inhibit the development of 

allergic disease.29–32 However, various causative factors 

affect immune responses by mycobacteria. It was reported 

as a notable point that the efficacy of mycobacteria in 

preventing allergic inflammation of asthma was strongly 

affected by Nramp1 alleles.33 Several host genetic factors, 

including natural resistance-associated macrophage protein 1 

(NRAMP1),34 vitamin D receptor (VDR),35,36 and Mendelian 

susceptibility to mycobacterial disease,37 have been reported 

to be involved in responses to mycobacteria (reviewed in 

Casanova and Abel).38 Differences in immune responses 

induced by different mycobacteria strains have also been 

reported. The differential immune responses were mediated 

by lipid-extracted molecules of mycobacteria.39 Moreover, 

environmental factors are important for immune responses 

induced by mycobacteria in therapy for atopic diseases.40,41 

Presensitization of mycobacteria in the natural environment 

affects the induction of Th1-type immune responses by myco-

bacteria vaccination.9,42,43 However, the specific components 

of mycobacteria that inhibit the development of allergic 

responses have not been reported. Ag85B is a single compo-

nent of mycobacteria, and this product might not be affected 

by various other mycobacteria factors involved in immune 

responses. In fact, Th1-type immune responses induced by 

Ag85B are not affected by Nramp in mice.44,45

Wu et al demonstrated the effects of intranasal admin-

istration of Ag85B in a mouse model of asthma.46 It was 

previously reported that Ag85B has strong adjuvant activities 

involving Th1 immune responses.14 Intranasal administration 

of a plasmid DNA (DNA vaccine) with adjuvant activities has 

been considered to be inappropriate for human use. Intranasal 

inactivated influenza vaccine, with adjuvant, induced Bell’s 

palsy in humans. Therefore, intranasal inactivated influenza 

vaccine with adjuvant is no longer in clinical use.47 Systemic 

administration of a plasmid DNA (DNA vaccine) is better than 

intranasal administration if the same effects of the plasmid 

DNA can be induced. The current study demonstrated the 

usefulness of Ag85B DNA vaccine and provided evidence of 

the potential utility of Ag85B DNA vaccine for the prevention 

and treatment of asthma, even with only a single systemic 

administration before or after antigen sensitization.

Conclusion
The correction of immune response should be considered in 

the prevention and treatment of asthma. Ag85B has potential 

utility for the prevention and treatment of asthma even with 

only a single administration.
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