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ABSTRACT 

-defensin against pathogenic 

microorganisms in eosinophils 

Afia Khatun 

Blood eosinophilia and infiltration of eosinophils into tissue are common in helminth 

infection and allergic diseases that is usually associated with Th2 immunity. On the 

other hand, bacterial infections are associated with Th1 immune response as protective 

immunity and have mutual inhibition effect against Th2. But unlike other bacterial 

infections, mycobacterial infection is known to induce eosinophilia, but the reason was 

completely unknown. Recently, human eosinophils stimulated by mycobacterium have 

be -defensin (a potent antimicrobial peptide) using molecular 

-defensin production in 

-defensin in animal eosinophils, 

other -defensin protein 

production in mouse eosinophils, infiltrating during helminth infection, using Zamboni 

fixation and immunohistochemical method. Most of eosinophils infiltrating the 
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intestinal mucosa during helminth infection showed immunopositivity for -defensin. 

-defensin mRNA was 50 fold that in the 

control, While the number of Paneth cells was doubled, eosinophils number increased 

markedly. These results suggested that eosinophils are important producer of -

-defensin might be involved in defensive mechanisms against 

helminths. Next, I established mycobacterial infection showing blood eosinophilia (like 

-defensin producing 

eosinophils that to surrounded mycobacteria in the liver and spleen, indicating direct 

-defensin against mycobacteria as host defense. 

Both experimental models used in this study are good model to study host defense 

mechanism t -defensin via eosinophils. Mycobacteria infected mouse model is 

good to study human and animal mycobacterial disease. 
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GENERAL INTRODUCTION AND BACK GROUND

1. Eosinophil reactions  

Eosinophil reactions caused by a wide variety of disease that include parasite infection, 

allergy, tumor and autoimmune disease, and are induced by Th2 immunity (Klion and 

Nutman, 2004; Kovalszki and Weller, 2016). On the other hands, bacterial infection 

induces Th1 immune response, and mutual inhibition system exists between Th1 and Th2 

immune systems (Costalonga et al., 2009). Unlike other bacterial infections, mycobacterial 

infection is known to induce eosinophilia and infiltration of eosinophils into the infectious 

lesion in humans (Flores et al., 1983; Wright et al., 1983). In addition, eosinophil 

recruitment into lesion of infectious site 

Mycobacterium avium subspecies (Castro et al., 1991; D'Avila et al., 2007; Monif and 

Williams, 2015). However, the role of eosinophil during these infections was completely 

unknow. A recent study showed that eosinophils stimulated by Mycobacterium bovis BCG 

-defensin, which is most strong inhibitors of mycobacteria 

(Driss et al., 2009). However, this study demonstrated that eosinophils collected from the 

vaccine recipient -defensin using molecular biological techniques (Driss et al., 
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2009) -defensin production in infiltrating eosinophils in 

tissue within our knowledge.One of the reasons is that there is no optimal model in 

laboratory animals for mycobacterial infection such as no eosinophilia. 

2. Effects -defensin 

Antimicrobial peptides (AMPs) are ancient and naturally occurring antibiotics in innate 

immune responses in a variety of organisms (Shin and Jo, 2011). Once in a target 

microbial membrane, the peptide kills target cells through diverse mechanisms (Izadpanah 

and Gallo, 2005). Defensins are one of major epidermal AMPs and are produced by 

granulocytes and mucosal epithelial cells (Izadpanah and Gallo, 2005; Lisitsyn et al., 

2012). There are three dist -defensins (Lisitsyn et 

al., 2012). 

-Dfensin are small molecular weight broad spectrum microbicides, secreted by 

leukocytes and intestinal Paneth cells of mammals. (Izadpanah and Gallo, 2005; Lisitsyn et 

al., 2012) -defensins achieve disruption of target microbial cell membrane by several 

mechanisms including pore formation or a detergent like solubilization (Izadpanah and 

Gallo, 2005; Ouellette, 1997) -defensin peptides expressed by neutrophils 
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-defensins are secreted by small intestinal Paneth cells (Dong et al., 

2016) -defensin 

(Eisenhauer and Lehrer, 1992; Ouellette, 2011). Murine Paneth cells in small intestinal 

-defensin termed as cryptdin (Ayabe et al., 2002; Ouellette, 2011). To date 

-defensins variants, cryptdins 1-6 have been purified from mouse small 

intestine (Eisenhauer et al., 1992). Among all, cryptdin 4 (Crp4) gene is highly conserved 

-defensin gene and have most potent bactericidal activity (Jing et al., 2004; 

Ouellette et al., 1999).  

-defensin have acquired resistance 

to Salmonella spp. (Ouellette, 2005; Salzman et al., 2003) -defensin 

also has been shown to have bactericidal effect to Escherichia coli (Ouellette et al., 1994), 

Staphylococcus aureus, Listeria monocytogenes, etc. (Masuda et al., 2011).  

-Defensin has effects not only on bacteria but also on fungi, protozoa and viruses 

(Lisitsyn et al., 2012; Ouellette, 2005; Zasloff, 2002). Furthermore, it has been also shown 

to act against helminths (Gallin et al., 1995; Gutierrez-Pena et al., 1996; Kamal et al., 

2001; Magalhaes et al., 2008) -defensin clearly show antimicrobial activity 

against Mycobacterium tuberculosis by increasing the permeability of the mycobacterial 
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cell envelop (Dong et al., 2016) -defensin into 

the early lesion, act as chemotactic factor (Dong et al., 2016).  

3. Animal models of eosinophilia 

Several animal models were reported to exhibit eosinophilia and used for studying the 

eosinophil (Castro et al., 1991; D'Avila et al., 2007; Daly et al., 1999). Each of these 

models have the advantages and disadvantages in terms of purpose of investigation. 

Previous studies reported that both helminth and mycobacteria infected mouse models 

induced eosinophil infiltration into infectious lesions (Castro et al., 1991; Shin et al., 

1997), however, mycobacteria infected mouse model showed relatively small amount of 

eosinophil infiltration into the tissues (Castro et al., 1991; D'Avila et al., 2007).  

3.1 helminth infected mouse model (Figure. 1) 

Helminth infected mouse model has been reported to show remarkable eosinophilia and 

tissue infiltration of eosinophils especially in nematode infection to digestive tract 

(Yantiss, 2015). Eosinophil infiltrative reaction is stronger and widely dispersed in 

helminth infected model compared to other models showing eosinophil infiltration (Shin et 

al., 1997; Yantiss, 2015). 
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3.2 mycobacteria infected mouse model (Figure. 2) 

Mycobacterium avium can infect mice and cause eosinophil infiltration into infectious 

lesion (Castro et al., 1991; D'Avila et al., 2007). To our knowledge, there is no report of 

eosinophilia in this model, however, it is possible to use the higher concentration of 

bacteria to infect than the concentration used in these models (Castro et al., 1991; Power et 

al., 1998).
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Figure 1. Schematic diagram shows helminth infection to mouse induce blood eosinophilia 

and infiltration of eosinophils in intestinal submucosa and eosinophil degranulation. 
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Figure 2. Schematic diagram shows mycobacterial infection to mouse induce infiltration of 

eosinophils in tissue and eosinophil degranulation. 
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OBJECTIVE AND STRUCTURE OF THE THESIS 

To investigate, whether murine eosinophil express -defensin (antimicrobial peptide), 

similar to human eosinophils, against pathogenic microorganisms as host response, 

helminth infected mouse model and mycobacterium infected mouse model were 

examined. We also aimed to established models for future study and understanding 

relationship between eosinophilia and -defensin production. 

In chapter 1: To investigate, whether murine eosinophil produce -defensin against 

helminth, using Nippostrongylus brasiliensis (Nb) infected mouse model, 

histopathological analysis, immunofluorescent analysis and real-time PCR in the 

duodenum were performed, which was the infection site of Nb.  

In chapter 2: To -

defensin in mice and to make good model to study human mycobacterial disease, using 

Mycobacterium avium infected mouse model, histopathological and 

immunofluorescent analysis in the liver were performed. 
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OBJECTIVE

Figure: Structure of the thesis 

Investigation of -defensin expression of eosinophils against Nb 
Might be eosinophils are important against helminth regarding -defensin production 

-defensin expression of eosinophils against M. avium 
Might be, eosinophils have direct effect to kill the mycobacterium organism

organisms

Chapter 1: Nb infected mouse model 

-defensin against pathogenic 
microorganisms 

Chapter 2: M. avium infected mouse 

General discussion and conclusion 
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CHAPTER 1 

-defensin in eosinophils in helminth-infected mouse model 
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ABSTRACT 

-defensin is a potent antimicrobial peptide secreted from intestinal mucosal epithelial 

cells, such as Paneth cells, and affects not only bacteria but also parasites and fungi. 

-defensin, but no studies 

have been done on other animals. In this study, we attempted to -defensin 

protein in mouse eosinophils infiltrating the intestinal mucosa during a helminth infection 

using Zamboni fixation and immunohistochemistry. Most of the eosinophils infiltrating 

the intestinal mucosa during helminth infection were positive -defensin. The 

expression level of -defensin mRNA was 50 fold that in the control. Meanwhile, the 

number of Paneth cells was doubled, and their -defensin fluorescence intensity was 

increased. These results suggested that eosinophils are also important producers of -

defensin, such as Paneth cells in mice, and that -defensin produced from eosinophils 

might be involved in defensive mechanisms against helminths. Moreover, the 

experimental system used in this study is a good model to study -

defensin by eosinophils. 
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INTRODUCTION 

Eosinophilia can be caused by a wide variety of diseases, including parasite infection, 

allergy, tumor, autoimmune disease, and is known to be induced by Th2-mediated 

immune reactions (Furuta et al., 2014; Klion and Nutman, 2004; Kovalszki and Weller, 

2016; Spencer and Weller, 2010). Usually, bacterial infection is associated with Th1 

immune responses as protective immunity, is characterized by production of gamma 

interferon, and exhibits mutual inhibitory effects against Th2 (Atarashi et al., 2017; 

Costalonga et al., 2009; Huang et al., 1999). However, unlike other bacterial infections, 

mycobacterial infection is known to induce eosinophilia that is usually associated with 

Th2 immunity (Kirman et al., 2000). A recent study reported that, in humans, eosinophils, 

activated against mycobacteria, -defensin (Driss et al., 2009) and antibacterial 

cationic peptides, which are most strong inhibitors for mycobacteria (Dong et al., 2016). 

However, it is still unknown whether eosinophils produced -defensin in other animals.  

Several types of defensins are found both in human and mouse; human defensins are 

released from neutrophils and epithelial cells during bacterial infection (Dong et al., 

2016; Lisitsyn et al., 2012). -defensin homologue has also been identified in 

mice (cryptdin 4) (Ouellette et al., 1999). It has already been shown that mice, 
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transfected with human -defensin, have acquired resistance to Salmonella spp. 

(Ouellette, 2005; Salzman et al., 2003a; Salzman et al., 2003b). In addition, murine -

defensin has also been shown to exhibit resistance to Escherichia coli (Ouellette et al., 

1994), Staphylococcus aureus, Listeria monocytogenes, etc. (Masuda et al., 2011) -

defensin acts not only against bacteria but also against fungi, protozoa, and viruses 

(Lisitsyn et al., 2012; Llenado et al., 2009; Ouellette, 2005; Zasloff, 2002); furthermore, it 

has also been shown to act against helminths (Gallin et al., 1995; Gutierrez-Pena et al., 

1996; Kamal et al., 2001; Magalhaes et al., 2008). 

It has been previously reported that Paneth cells are crucial for mouse -defensin 

production (Kamal et al., 2001; Lisitsyn et al., 2012; Salzman et al., 2003a), because 

unlike human neutrophils, murine neutrophils do not express -defensin (Eisenhauer and 

Lehrer, 1992; Ouellette, 2011). Therefore, most of the researches related to -defensin 

are limited to Paneth cells in mice. Paneth cells are distributed along the length of the 

small intestine but are most abundant in the jejunum and ileum (Salzman et al., 2003b). 

Paneth cells are predominantly increased during helminth infection (Kamal et al., 2002; 

Shin et al., 1997) and have been speculated to contribute to elimination of parasites via 

-defensin production (Gallin et al., 1995; Magalhaes et al., 2008). Many previous 

researches have studied the direct action of defensin against helminths (Gallin et al., 
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1995; Magalhaes et al., 2008) and there have been few studies on in vivo kinetics and 

activation mechanisms. In the previous studies related to -defensin production by Paneth 

cells, researchers used neutral buffered formalin for sample fixation for 

immunohistochemistry (Ayabe et al., 2002; Ouellette et al., 1999; Wehkamp et al., 2006). 

However, Zamboni fixative solution is more suitable for fixing small size molecules 

and soluble substances, -defensin, compared to buffered formalin, because of 

rapid penetration property (Accinni et al., 1974). If we can detect -defensin production by 

murine eosinophils (similar to human eosinophils) (Driss et al., 2009), eosinophils might 

be recognized as important cells, similar to -defensin in mice. 

Using Nb infected mouse models, we -defensin expression using 

immunofluorescent analysis and real-time PCR in the duodenum, which was the infection 

site of Nb. 
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MATERIALS AND METHODS 

Animal 

Pathogen free female ICR mice (Clea Japan, Tokyo, Japan) were fed with autoclaved 

food (MF; Oriental Yeast, Tokyo, Japan) and tap water ad libitum. All animals were 

handled according to the regulations for animal welfare of Yamaguchi University 

(Permit number: 223). 

Parasitological technique 

Nb maintained by serial passage in Sprague Dawley rats as previously described 

(Morimoto et al., 2006) and infective stage larvae were recovered from feces by using a 

modified Baermann apparatus, and were washed (Morimoto et al., 2006). Mice were 

infected by subcutaneous injection of 800 infective larvae. 

Blood eosinophil count and intestinal tissue preparation 

Mice were anesthetized with mixture of Xylazine and ketamine and killed by 
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exsanguination at day 9 after nematode infection. Blood was drawn from the heart using a 

heparinized syringe. The number of eosinophils in blood was counted after staining with 

 (Morimoto et al., 1998). Duodenum, jejunum 

and ileum were thoroughly observed and fixed (Rieger et al., 2013) 

at 4 °C overnight.

Histopathology and immunofluorescence 

Fixed intestinal samples were routinely processed and embedded in paraffin. Then, they 

were cut into 2 µm-thick sections. Sections were deparaffinized, rehydrated, and stained 

with hematoxylin and eosin. Paneth cell number was counted in hematoxylin and eosin 

stained intestinal sections (characterized by pyramidal shape with apical located 

eosinophilic granules at crypt base) and expressed as number per 10 villus crypt units 

(VCU). The sections were examined using a microscope (BX53 microscope with DP73 

camera, Olympus Corporation, Tokyo, Japan). 

As duodenum was main infection site for Nb, only duodenum part was choose for 

immunofluorescence analysis and rest of experimental procedures. For double 

immunofluorescence staining assay, duodenum sections were deparaffinized and 
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subjected to antigen retrieval by treating with 0.5 % trypsin for 30 min. Then, the 

sections were blocked by 5 % skim milk with albumin, obtained from Bovine Serum 

Cohn Fraction V, pH 7.0, (Wako Pure chemical Industries Ltd, Osaka, Japan) in PBS 

for 30 min at room temperature to avoid non-specific reactions. For detection -

defensin production by eosinophils, sections were incubated with rabbit anti-mouse 

eosinophil cationic protein (ECP) IgG antibody (1:400, Aviscera bioscience, Inc., Santa 

Clara, CA, USA) for 1 h at room temperature and washed, followed by incubation with 

Alexa Flour 488 conjugated goat anti-rabbit IgG (1:200, Life technologies, Eugene, OR, 

USA). After washing, sections were incubated with -defensin 4 (R-19) polyclonal 

antibody (Ayabe et al., 2002; Maemoto et al., 2004) (1:50, Santa Cruz Biotechnology, 

Inc., Dallas, TX, USA) over night at 4 °C and washed, followed by incubation with 

Alexa Fluor 555 donkey anti goat IgG (H&L) antibody (1:200, Abcam, Cambridge, UK) 

for 1 h at room temperature. After washing, specimens were mounted with glycerol. 

Among all mice - -defensin 4 is unique and the most potent one [17, 34], so 

we chose it for our -defensin-positive enteroendocrine cells, 

sections were incubated -defensin 4 (R-19) polyclonal antibody (Santa Cruz 

Biotechnology, Inc.) overnight at 4 °C, followed by incubation with Alexa Fluor 488 

donkey anti goat IgG (H&L) antibody (1:200, Abcam) for 1 h at room temperature. Then, 
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after washing, the sections were incubated with sheep anti-human chromogranin A 

antibody (1:50, Bio-Rad Laboratories, Inc., Hercules, CA, USA) for 1 h at room 

temperature followed by incubation with Alexa Fluor 555 donkey Anti sheep IgG H&L 

(Abcam) for 1 h at room temperature. After washing, the specimens were mounted. All 

observations were performed using a fluorescence microscope (BX53 fluorescence 

microscope with DP73 camera, Olympus Corporation) equipped with suitable filter set 

(red filter with excitation range of 530-550 nm and an emission range of 575 nm, and 

green filter with excitation range of 470-495 nm and an emission range of 510 nm). 

Images were analyzed using GIMP software (version 2.8). 

RNA extraction and reverse-transcription (RT) 

Thirty milligrams of duodenum of the control group and infected group were used for 

RNA extraction according to the manual of RNeasy plus mini kit (Qiagen, Tokyo, 

Japan). Next, 12.5 µl of total isolated RNA was mixed with 5x RT buffer, dNTP, 0.1 M 

DTT, random primers (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and 

RNasin (Promega, Wisconsin, USA), and total volume was kept at 24.5 µl. Samples 

were incubated at 70 °C for 5 min. Then, 0.5 µl SuperScript III (Invitrogen) was added to 
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reach total volume at 25 µl and incubated at 37 °C for 60 min, followed by incubation at 95 

°C for 5 min, and on ice for 5 min to generate cDNA.

Real time PCR 

One microgram of cDNA sample was amplified by TaqMan®Gene expression assay for 

murine -defensin (Mm00651736_g1 Defa4, Applied Biosystems, Tokyo, Japan) using 

a Step OneTM Real-time PCR System (Applied Biosystems). For amplification, the 

protocol followed was: 50 °C for 2 min; 95 °C for 10 min; 95 °C for 15 sec, 60 °C for 1 

min cycle was repeated for 50 times. For the quantification of the -defensin 4 mRNA, 

18s rRNA (Mm03928990_g1 18S, Applied Biosystems, Tokyo, Japan) was used as 

housekeeping gene and -defensin 4 expression was normalized against the value of 

18s rRNA. 

Fluorescent intensity analysis 

Using fluorescent image for cell counting (Fig. 6), fluorescent intensity -defensin 

was quantified for eosinophils, Paneth cells, and enteroendocrine cells. The images were 
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analyzed. in the software BZ-II analyzer (Keyence, Osaka, Japan). For each cell type, 20 

cells were randomly selected per mice and maximum fluorescent intensity was measured. 

Statistical analysis 

All data were expressed as mean ± standard error (SEM). Statistical significance was 

determined at p < 0.05 following the  t test. For the comparison of -

defensin 4 mRNA expressions, Mann-Whitney U test was used, because the expression 

was represented in logarithmic number and there was no normal distribution for it. 
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RESULTS 

Eosinophil reaction during Nb infection in mice 

The number of eosinophils in the blood was significantly higher in infected group (91.5 

± 24.4) than in control group (11.0 ± 2.5). (Fig. 1). In the duodenum, infiltration of

eosinophils in the mucosal lamina propria around the epithelial cells of crypts lined in 

tubular form was observed by immunofluorescence in the infected group, and it was 

significantly increased compared to the control group (Fig. 2, Table 1). 

Epithelial cell reaction during Nb infection in mice 

In control group, in duodenum several Paneth cells existed in the bottom of crypts 

and they had small number of eosinophilic granules in the cytoplasm (Fig. 3a). On the 

other hand, the Paneth cells became filled with more prominent eosinophilic granules in 

the infected group (Fig. 3b). The number of Paneth cells increased significantly 

throughout the intestine. In duodenum the number of Paneth cells (number/10 villus crypt 

units (VCU)) for control and infected group were 15.4 ± 1.6 and 35.3 ± 2.1, 

respectively; that is, a significant increase in the number of Paneth cells was observed 
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(Table 1). 

-defensin by infiltrated eosinophils  

-defensin, we conducted a double 

immunofluorescence staining using antibodies specific for eosinophil cationic protein 

(ECP), a matrix protein associated with specific granules in the eosinophils [43], -

defensin 4 protein. Immunoreactivity against ECP and -defensin 4 protein almost co-

localized, and more than 82 % of increased eosinophils were positive for -defensin in the 

Nb infected group (Fig. 5). However, the -defensin-positive eosinophils were not found in 

the specimens in the control group; in addition, no co-localization was found in the control 

group (Fig. 4, Table 1). 

-defensin by epithelial cells 

-defensin-positive epithelial cells, we conducted immunofluorescence staining 

using antibodies specific for -defensin 4 protein and chromogranin A, marker of 

enteroendocrine cells. Paneth cells were identified from their site of existence and 

morphological characteristics. Besides eosinophils, some percentages of Paneth cells 
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and chromogranin A-positive enteroendocrine cells also showed positivity -defensin 

(Fig. 6 and 7, Table 1). The number of -defensin-positive Paneth cells doubled after 

infection, and thus, an increase in the fluorescence intensity was observed (Fig. 6, Table 

1). On the other hand, there was no change in the number of -defensin-positive 

enteroendocrine cells or their fluorescence intensity before and after infection (Table 1 

and 2). 

-defensin 4 mRNA expression in duodenum 

Using comparative Ct -defensin 4 mRNA expression level in 

infected group relative to control were calculated. The expression level of -defensin 4 

mRNA in Nb infected mice was significantly higher than that in control mice (50-fold 

increase) (Fig.8). 

Fluorescent intensity analysis of -defensin 

The fluorescent intensity of -defensin was not detected in eosinophils in control 

group. However, high fluorescent intensities of -defensin were observed in Paneth 

cells and enteroendocrine cells (Tables 1 and 2). In addition, high fluorescent intensity of 
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-defensin was detected in infiltrating eosinophils in Nb infected group. The fluorescent 

intensity of -defensin in Paneth cells was higher in Nb infected group compared with 

control group, and intensity of -defensin was stronger compared with that of 

eosinophils. However, the fluorescent intensity of -defensin in enteroendocrine cells 

did not change significantly compared with the control group (Table 2). 
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DISCUSSION 

The results of the immunohistochemical analysis done in this study showed, for the first 

time, that the tissue infiltrating eosinophils produce -defensin (Fig. 5), and that these 

eosinophils reacted with host defense immune Th2 responses against helminth Nb in 

murine model (Gerbe et al., 2016; Lawrence et al., 1996). 

Several studies have shown that number of Paneth cells increased significantly during 

intestinal helminth infection (Kamal et al., 2002; Shin et al., 1997) and -defensin 

production by activated Paneth cells has been detected using immunohistochemical 

methods (Ayabe et al., 2002; Ouellette et al., 1999). In this study, we also observed 

increase in the number of -defensin-positive Paneth cells throughout the intestine and 

-defensin in duodenum. However, detection of 

eosinophil-derived -defensin has not been reported, and murine neutrophils do not 

-defensin (Eisenhauer and Lehrer, 1992; Ouellette, 2011), therefore, Paneth cells 

were speculated to be the only important cells which produce -defensin in mice against 

helminth infection. However, previous studies used ordinary fixing solutions, such as 

neutral buffered formalin, for the samples subjected to immunohistochemistry (Ayabe et 
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al., 2002; Ouellette et al., 1999). We also tried the ordinary fixation methods using 

formalin and paraformaldehyde, but we could not -defensin in eosinophils (data 

not shown). Finally, further experiments revealed that Zamboni fixation made it possible 

-defensin in eosinophils. Zamboni fixative contains phosphate buffered picric 

acid and formaldehyde, is very stable, and provides good general fixation with rapid 

penetration and optimal preservation and stabilization of cellular proteins (Accinni et al., 

1974). These facts suggested that the eosinophil secretory granules are easier to 

degranulate than the Paneth cell granules, and the ordinary fixation methods were not 

enough to keep -defensin within eosinophils. Therefore, Zamboni fixation is 

recommended for future -defensin research in the intestine rather than using ordinary 

formalin fixation. 

In this study, -defensin mRNA expression in the duodenum of helminth-infected 

mice upregulated significantly and showed 50-fold increase compared to mice without 

helminth infection (Fig. 8). Infiltration of -defensin-positive eosinophils into the 

submucosal tissue was prominent (Figs. 2b, 5); however, there was only a 2-fold increase 

-defensin-positive fluorescence intensity 

strengthened too (Table 1 and 2). There were no significant changes in enteroendocrine 

cell number and their fluorescence before and after infection (Table 1 and 2). These 
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facts indicated that eosinophil-derived -defensin contributed a considerable part in the 

-defensin production due to infection. 

Marked eosinophilia is well documented in Nb-infected mice associated with nematode 

expulsion (Kamal et al., 2002; Shin et al., 1997). Previous evidence indicated that 

eosinophil and its granule proteins participated in host resistance to helminths; in vitro 

experiments showed that eosinophils can kill a wide range of helminth species and are 

considered highly toxic for schistosomula, Trichinella spiralis, and Trypanosoma cruzi 

(Daly et al., 1999). Secreted proteins have been speculated to be important in mediating the 

anti-helminthic action of eosinophils, and these proteins include major basic protein-1, 

major basic protein-2, eosinophil peroxidase, ECP, and eosinophil-derived neurotoxin 

(Acharya and Ackerman, 2014; Gleich et al., 1993). Major basic protein-1 is highly toxic 

to mammalian cells in vitro, and can damage helminths by disrupting the lipid bilayer 

membrane or altering the activity of enzymes within tissues (Gleich et al., 1993). ECP 

caused membrane disruption of helminth parasites by non-ion selective membrane pore 

formation (Acharya and Ackerman, 2014). Eosinophil peroxidase exerted cytotoxic effects 

as a cationic toxin, being able to eliminate parasites by lipid peroxidation (Acharya and 

Ackerman, 2014). In addition to these eosinophil- -defensin also has 

been reported to have anti-helminthic effects (Gallin et al., 1995; Gutierrez-Pena et al., 
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1996). Therefore, eosinophils, similar to Paneth cells, may play an important role in 

helminth -defensin (Elphick and Mahida, 2005). Because several proteins in 

the eosinophil granules have anti-helminthic action, it is difficult to compare their 

activities. Moreover, the anti-helminthic effects of these proteins may differ depending on 

the type of helminth (Acharya and Ackerman, 2014; Gleich et al., 1993).  

In this study, -defensin was detected in Paneth cells, eosinophils, and endocrine cells, 

but their fluorescence intensities were different (Table 2). Since, each cell produces 

different class of proteins (Acharya and Ackerman, 2014; Gleich et al., 1993; Ouellette, 

2005), it might be possible that they may differ in their ability to produce -defensin. 

In addition, -defensin was detected in eosinophils for the first time in this study using 

Zamboni fixative solution; however, it may still have been insufficient to fix all the -

defensin in eosinophils. In addition, Paneth -

defensin in non-infected control groups. -defensin eliminated the pathogen but did not 

kill commensal bacteria (Nakamura et al., 2016) -defensin derived from Paneth cells 

and endocrine cells may keep enteric microbiota in health. However, more research is 

needed to further elucidate the role of -defensin. 
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We also showed that enteroendocrine cells produced -defensin. -defensin 

from enteroendocrine cells seemed to have no anti-helminthic role, because the -

defensin- -defensin of 

enteroendocrine cells did not change after the helminth infection. Therefore, -defensin 

produced by enteroendocrine cell may not be important for the antiparasitic effect. 

Enteroendocrine cells are known as cells secreting more than 20 peptide hormones for 

digestion (Worthington, 2015) -defensin also plays a role in regulating the immune 

system (Lisitsyn et al., 2012; Ouellette, 2005). Thus, these data suggested that 

enteroendocrine cells may be involved in the regulation of the intestinal environment.  

In the current study, we have shown, for the first time, that eosinophils -

defensin, so future research is expected to elucidate the anti-helminthic action of 

-defensin production. In addition, Nb infection is well known to activate 

Th2 immune response (Gerbe et al., 2016; Lawrence et al., 1996) and as Nb infection 

increased -defensin production, we speculated that Th2 upregulation was associated with 

the production of antimicrobial peptides in mice. 

-defensin in 

murine eosinophils. -defensin expressing eosinophils played an important role in 
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helminth exclusion in Nb-infected mouse model. This animal model is well known as 

a model to activate Th2 immune response (Gerbe et al., 2016; Lawrence et al., 1996). 

Therefore, mice infected with Nb could be a useful animal model for the study of -

defensin mechanisms with respect to helminth expulsion and to elucidate the relationship 

-defensin production. 
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FIGURE AND FIGURE LEGENDS 

Fig. 1. Blood eosinophil count in control and infected mice. Each group consisted of 5 

mice. Data are shown as mean ± SEM. *Significantly different from the values of control 

mice (P<0.05). 
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Fig. 2. Immunofluorescence analysis for ECP. (a) A few ECP-positive eosinophils in 

duodenum of control mice. (b) Numerous ECP-positive eosinophils in duodenum of 

infected mice. Scale bar = 200µm. 
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Fig. 3. Histological detection of Paneth cell. Hematoxylin and eosin (HE) staining (a) A 

couple of Paneth cells in crypt bottom of duodenum of control mice. (b) Paneth cells 

increased in infected duodenum than control duodenum. Cytoplasm of Paneth cells 

increase in volume with marked prominent eosinophilic granule in infected duodenum. 

Scale bars (single line) = 100 µm, scale bar (double lines) = 20 µm. 
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-defensin 4 (b) in control 

mice. (c, merged) A few ECP- -defensin 4 

expression. Scale bars (single line) = 50 µm, scale bar (double lines) = 20 µm. 
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-defensin 4 (b) in infected 

mice. (c, merged) Almost all ECP- -defensin 4. 

Scale bars (single line) = 50 µm, scale bar (double lines) = 20 µm. 
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-defensin 4. (a) Isotype control. (b) A couple of 

-defensin 4-positive Paneth cells (black arrowhead) and enteroendocrine cells (white 

arrowhead) -defensin 4-positive 

eosinophils(arrows)with a -defensin 4-positive Paneth cells (black 

arrowhead)and enteroendocrine cells (white arrowhead)in duodenum of infected mice. 

Scale bar = 200µm. 
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Fig. 7. Double immunofluorescence analysis for chromogranin A (a) -defensin 4 (b) 

in infected mice. (c, merged) Apart of chromogranin A-positive enteroendocrine cells in 

-defensin 4 (arrow). Scale bar = 20µm. 
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-defensin 4 mRNA expression levels in duodenum. 

Each group consisted of 5 mice. Data were expressed relative to control non-infected 

group. *Significantly different from the values of control mice (P<0.05). 
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Table 1. Number of Duo -defensin-positive cells in control and Nippostrongylus brasiliensis 
infected group.  

Cell type 

Control Nb 

Cell 
number 

-Defensin 
positive 

cell number 

Percentage of 
-defensin 

positive cells 
number 

Cell number 
-Defensin 
positive  

cell number 

Percentage of 
-defensin 

 positive cells 
number 

Eosinophil 28.0±0.6 0±0 0±0 532.0±12.0a) 450.6±13.3a) 81.7±9.4
Paneth cell 15.4±1.6 7.6±0.9 49.1±1.2 35.3±2.1a) 17.8±2.7b) 48.1±1.2
Enteroendocr
-ine cell 36.2±2.8 25.4±3.0 72.2±9.4 45.6±7.1 29.6±1.9 68.7±6.2

Data are presented as the mean ±SEM of 5 mice in each group. Significantly different from 

the values of control mice a) P<0.05, b) P<0.01. Cells number express as per 10 VCU. 

(VCU: Villus crypt units). 
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-defensin positive signals in duodenal tissue for control and 

Nippostrongylus brasiliensis infected group.  

Cell type Control Nb 
Eosinophil 0 171.1±10.60b)

Paneth cell 141.57±22.84 219.72±17.12a)

Enteroendocrine cell 220.3±2.98 223.26±7.02

Data are presented as mean ± SEM of 5 mice in each group. Significantly different from 

the values of control mice. a) P<0.05, b) P<0.01. 
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CHAPTER 2 

-defensin by 

eosinophils in mice 
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ABSTRACT 

It has been well known in humans that eosinophil infiltration into the site of 

inflammation and eosinophilia occur in mycobacterial infections. However, the role of 

eosinophils against the mycobacterium is unclear. We showed in previous study that in situ 

-defensin, which is the strong anti-

bacterial peptide. We investigated in this study whether eosinophils reacting to 

model. 

We showed that mycobacterial infection induced blood eosinophilia and infiltration of -

defensin producing eosinophils that to surround mycobacteria at the site of infection. These 

findings were usually seen during human mycobacterial infection. We established a good 

-defensin via 

eosinophils. 
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INTRODUCTION 

Bacterial infections are known to activate host Th1 immune responses (Atarashi et al., 

2017; Costalonga et al., 2009; Huang et al., 1999). On the other hand, it is known that Th2 

immune reaction is activated by allergy and parasite infection and is associated with 

eosinophilia (Furuta et al., 2014; Kovalszki and Weller, 2016; Simon and Simon, 2007). 

However, It has been also well known in humans that eosinophil infiltration into the site of 

inflammation and eosinophilia occur in mycobacterial infections (Flores et al., 1983; 

Monif and Williams, 2015; Wright et al., 1983), but the reason was completely unknown. 

-defensin, an antimicrobial 

peptide, in mycobacterium infected patients, and this study suggested that eosinophilia 

-defensin production and attacked Mycobacterium (Driss et al., 2009). 

However, this study demonstrated that eosinophils -

defensin using molecular biological techniques -defensin 

production in infiltrating eosinophils. So then, there is no study on the defense mechanism 

-defensin via eosinophils. 

In our previous study, it was shown that in situ mouse eosinophils infiltrated into tissues 
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-defensin in response to helminth infection (Khatun et al., 2018) -

defensin has been identified as an effective antimicrobial substance against bacterium 

(Dong et al., 2016; Shin and Jo, 2011), it is known that -defensin is effective not only for 

bacteria but also for parasites (Gallin et al., 1995; Gutierrez-Pena et al., 1996; Kamal et al., 

2001).

Mycobacterium avium subspecies(Monif and Williams, 2015; Sharif et al., 2013; Smeed et 

al., 2007). In addition, it has been reported that eosinophil infiltration into tissues occurs 

also in experimental mycobacterial infection in mice (Castro et al., 1991; D'Avila et al., 

2007). The purpose of this study is to investigate whether eosinophils reacting to 

-defensin in mice and to investigate whether it can be used as a 

model. 



46 

MATERIALS AND METHODS 

Animal 

Forty pathogen free female 8 weeks old C57BL/6JJc1 mice were purchased from Clea 

Japan (Tokyo, Japan). Animals were kept at a constant temperature (24±1°C) and humidity 

(60±10%) under 12/12 h light/dark cycle with free access to autoclaved food (Clea Japan) 

and water. All experiments were carried out with the approved by the animal research 

committee in accordance with the regulations for animal welfare of Yamaguchi University. 

Mycobacterium infection  

Animals were randomly divided into control and 3 infected groups. M. avium strain 

104 was grown at 37°C in Middlebrook 7H9 medium (Difco, Detroit, MI, USA) 

supplemented with 10.0% albumin-dextrose-catalase (ADC) and 0.05% Tween80, and 

intraperitoneally administered with following three different doses:1.0 × 109 (high), 1.0 × 

108 (middle), and 1.0 × 107 (low) in 0.5 ml. The vehicle with same volume was injected in 

control animals.  
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Blood eosinophil count and tissue sampling 

Samples of 5 mice in each group were taken at day 10 post-infection and the remains 

were taken at day 30. Mice were euthanized with ketamine and Xylazine and then blood 

was drawn from heart using a heparinized syringe. Immediately, blood sample was mixed 

er of eosinophils were 

counted under microscopy according with the method reported previously (Morimoto et 

al., 1998). Liver and spleen samples were collected aseptically and 

solution (Rieger et al., 2013) Spleens were used for an index of 

mycobacterial infections (Flores et al., 1983; Monif and Williams, 2015; Wright et al., 13). 

Histopathology and immunofluorescence

-fixed liver samples were routinely processed and embedded in 

paraffin. Samples were cut into 2 µm-thick sections. Sections were deparaffinized, 

rehydrated and stained with hematoxylin and eosin (HE) stain for a general pathological 

investigation. 
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For double immunofluorescence staining sections were deparaffinized, subjected to 

antigen retrieval with trypsin treatment (  for 30 min and blocked by 5% 

skim milk in Phosphate buffer saline (PBS) with Albumin from Bovine Serum Cohn 

Fraction V (Wako Pure chemical Industries Ltd, Osaka, Japan) at room temperature for 30 

min. The sections were then incubated with rabbit anti-mouse eosinophil cationic protein 

(ECP) IgG antibody (1:400, Aviscera bioscience, Inc., Santa Clara, CA, USA) at room 

temperature for 1 hr. Sections were washed in PBS, incubated with secondary antibody 

Alexa Flour 488 conjugated goat anti-rabbit IgG (1:200, Life technologies, Eugene, OR, 

USA) -defensin 4 

(R-19) polyclonal antibody (1:50, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 

(Ayabe et al., 2002; Maemoto et al., 2004) was reacted over night at 4ºC. After washing, 

sections were incubated with Alexa Fluor 555 donkey anti goat IgG (H&L) antibody 

(1:200, Abcam, Cambridge, UK) for 1 hr at room temperature. Specimens were washed, 

mounted with glycerine and observed by using a fluorescence microscope (Olympus BX53 

fluorescence microscope attached to an Olympus DP73 camera, Olympus Corporation, 

Tokyo, Japan) equipped with suitable filter set (Red filter with excitation range of 530-550 

nm and an emission range of 575 nm, and green filter with excitation range of 470-495 nm 

and an emission range of 510 nm). ECP- -defensin-double-
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positive cells were counted. At least 10 high power fields (×40objective) were counted for 

each mouse.  

When combining ECP immunofluorescence and Auramine-Rhodamine (AR) staining, 

the coverslips were removed after immunofluorescence stain and the slides were washed 

for 15 min in running water and then stained with AR. AR stain was performed with AR 

stain TB Fluorescent Stain Kit T (Becton, Dickinson and Company, Franklin Lakes, NJ, 

USA) 

dilution of TB Auramine-Rhodamine T at room temperature for 30 min and then 

decolorized with TB decolorizer TM (BD) at room temperature for 5 min. The sections 

were again mounted and photographed by using same fluorescent microscope. 

Optimization of IF and AR was done as described previously (Ryan et al., 2010). 

Statistical analysis 

All data were expressed as mean ± standard error of mean (SEM). Statistical significance 

was determined with the Student t test. P< 0.05 was considered as significant. 
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RESULTS 

Blood eosinophilia

In our study, blood eosinophils were significantly increased with high and middle dose 

infection of M. avium (Fig. 1). Also, blood eosinophils tended to increase with low dose 

infection. In high dose infection group, blood eosinophils were acutely increased at day 10 

post infection, and mildly decreased at day 30 post infection. On the other hand, blood 

eosinophils continued to increase gradually in middle and low dose infection group.  

Histopathology 

In high dose group, diffuse infiltration of inflammatory cells was found in the liver 

parenchyma (Fig. 2b, 2c). At day 10 post-infection, inflammatory cells included small 

number of eosinophils (Fig. 3b), while a lot of eosinophils were found at day 30. Also, 

eosinophil clusters scattered at day 30 (Fig. 3c). In mice with low and middle dose 

infection, the histopathological changes were similar but weaker than high dose group. 
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-defensin expression in 

eosinophils 

To investigate whether eosinophil recruited at the site of M. avium infection, we 

conducted Combined ECP immunofluorescence staining with antibodies specific for ECP 

(localized in the specific granules of eosinophils) (Venge et al., 1999) and AR staining for 

detection of mycobacterium organisms. In the liver specimens of mice with high dose 

infection at day 30, AR staining-positive mycobacterium organisms were surrounded by 

ECP-positive eosinophils, clearly indicating eosinophil reaction to Mycobacterium (Fig.4). 

Immunoreactivity against ECP revealed large cluster of intact eosinophils and degranulated 

eosinophils existed in the lesions.  

-defensin expression in eosinophils, we performed a double 

-defensin 4 protein. In 

the liver specimens of infected mice, almost ECP-positive eosinophils showed expression 

-defensin (Fig. 6 -

defensin in infected groups (Table 1), while, eosinophils in the liver of control group did 

-defensin (Fig. 5b, Table 1).  
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DISCUSSION 

In the present study, we showed that mycobacterial infection induced blood eosinophilia 

and infiltration of -defensin producing eosinophils that to surround mycobacteria at the 

site of infection. These results indicated that eosinophils react against Mycobacterium to 

kill bacterial organisms with -defensin. Our observation confirms previous reports of 

eosinophil recruitment to sites of infection due to mycobacterial infection (Castro et al., 

1991; D'Avila et al., 2007; Lasco et al., 2004). In addition, it is the first report as our 

knowledge that blood eosinophilia in mice induced by M. avium infection similar in human 

mycobacterial infection (Kirman et al., 2000; Pfeffer et al., 2017). Eosinophil infiltrative 

reaction against Mycobacterium is commonly reported in human and animal mycobacterial 

diseases and experimental animals. Human patients with mycobacterial infection 

frequently show peripheral eosinophilia (Pfeffer et al., 2017) and eosinophil recruitment 

into infected lesions (Castro et al., 1991; D'Avila et al., 2007; Kirman et al., 2000). 

Eosinophil aggregation also has been reported in that is caused by 

Mycobacterium avium subsp. (Monif and Williams, 2015). However, the mechanism 

involved in eosinophil roles against mycobacteria have not been investigated sufficiently. 
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-Defensin expression in eosinophils were indicated in our previous study using animal 

model of intestinal helminth infection, however, the eosinophils reacted to helminth 

infection were limited in submucosal region without direct contact to helminth [18]. The 

present study demonstrates that, -defensin producing eosinophils infiltrated and 

surrounded mycobacteria. These findings suggested that eosinophils have a direct effect to 

kill the mycobacterium organisms through -defensin. Defensins are large family of 

antimicrobial peptides and -defensin expression of epithelial cells and Paneth cells of the 

small intestine is well known in mice (Ayabe et al., 2002; Dong et al., 2016; Ouellette, 

2005; Shin and Jo, 2011). In vitro study revealed that -defensin directly induced 

mycobacterial lysis via increasing cell membrane permeability (Dong et al., 2016; 

Mendez-Samperio, 2008). Human -defensin 1 (HNP-1) kills M. avium-intracellulare at 

the optimal pH in vitro(Ogata et al., 1992), and also, HNP-1 improved clearance of bacilli 

from the lung, liver and spleen of mice with M. tuberculosis infection (Sharma et al., 

2001). Our study showed more than 90% of infiltrated eosinophil expressed -defensin at 

the sites of infection, indicating -defensin expressing eosinophils play an important role 

against mycobacterial infection. In the secretory granule of eosinophils, cytotoxic proteins, 

cytokines and chemokines are stored (Acharya and Ackerman, 2014; Driss et al., 2009; 

Gleich et al., 1993), and are released for antimycobacterial actions (D'Avila et al., 2007). 
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Eosinophil granules contains cytotoxic proteins such as eosinophil cationic protein (ECP), 

major basic protein-1, major basic protein-2, eosinophil peroxidase, eosinophil-derived 

neurotoxin etc. (Acharya and Ackerman, 2014; Driss et al., 2009; Gleich et al., 1993). An 

in vitro study using human eosinophils revealed that eosinophils stimulated with live 

Mycobacterium bovis BCG expressed both ECP and -defensin, and a synergistically 

inhibited mycobacterial growth (Driss et al., 2009). Therefore, eosinophil-derived -

defensin might contribute to kill mycobacterial organisms together with eosinophil 

cytotoxic proteins. 

The blood eosinophilia observed in our experimental model had different patterns 

according to the dose of mycobacterium. While blood eosinophilia occurred acutely and 

sustained till day 30 post infection in animals with high dose administration, animals with 

middle dose administration showed the gradual mild increase of eosinophils in the blood. 

Animals with low dose infection tended to increase eosinophils but there were no 

significant differences with controls. The difference of eosinophilia would be a result of 

induction of Th2 immunity, because eosinophilia is closely link to Th2 immunity (Simon 

and Simon, 2007; Spencer and Weller, 2010). High dose of mycobacterium infection has 

been reported to induce Th2 immune reaction easily than low dose administration (Power 

et al., 1998). Therefore, in our study, high dose would induce strong Th2 immune reaction 
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and resulted in acute and sustained eosinophilia. On the other hands, Th2 immune reaction 

has been reported in the chronic infection of mycobacterium (Jiao et al., 2003). Also, in 

our animal models with low and middle dose infection, Th2 immunity would be gradually 

activated, resulting mild and gradual eosinophilia. From our previous report, Th2 immune 

reaction would be strongly related with -defensin expression in eosinophils (Khatun et al., 

2018). To study -defensin expression in eosinophils, high dose is recommended for 

making animal model. 

In conclusion, our study has clearly revealed that murine eosinophils recruited against 

-defens -defensin 

might contribute to attack mycobacteria. We established a good model to study host 

-defensin via eosinophils. This model 

would be helpful for better understanding of human and animal mycobacterial diseases 

including tuberculosis and 
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FIGURE AND FIGURE LEGENDS 

Fig. 1. Blood eosinophilia in different doses of Mycobacterium avium infected 

C57BL/6JJc1 mice. Each group consisted of 5 mice. Data are shown as mean ± SEM. 

*Significantly different from the values of control mice (P<0.05). 
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Fig. 2. Histological analysis of inflammatory cells infiltration in liver parenchyma of 

control (a) and high dose Mycobacterium avium infected mice (b and c). Hematoxylin and 

eosin (HE). (a) No inflammatory cells infiltration. (b) Diffuse infiltration of inflammatory 

cells at day 10. (c) Diffuse infiltration of inflammatory cells at day 30. Scale bar = 200 µm. 
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Fig. 3. Histological detection of eosinophils in inflammatory lesions in liver parenchyma 

of control (a) and high dose Mycobacterium avium infected mice (b and c). Hematoxylin 

and eosin (HE). (a) No eosinophils infiltration. (b) Inflammatory lesions contain 

lymphocytes, macrophages and small number of eosinophils at day 10. Arrows indicate 

eosinophils. (c) A lot of eosinophils making clusters noted at day 30. Scale bar = 20 µm. 
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Fig.4. Combined immunofluorescence analysis for auramine-rhodamine (AR) stain (red) 

(a) and ECP (green) (b) in high dose Mycobacterium avium infected mice. (c, merged) 

eosinophil cluster and degranulated eosinophils existed surrounding Mycobacterium avium

bacteria in liver tissue at day 30. Scale bar = 50 µm. 
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-defensin 4 (b) in control 

mice. (c, merged) ECP-positive eosinophils in liver without -defensin 4 expression. Scale 

bar = 20 µm. 
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-defensin 4 (b) in high dose 

Mycobacterium avium infected mice. (c, merged) ECP-positive eosinophils in liver express 

-defensin 4. Scale bar = 20 µm. 
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-Defensin positive eosinophils number counting from liver of 

 control and M. avium infected group.  

Eosinophilb) -defensin positive cells Percentagec)

Control 2.72±0.19 0.00±0.00 0.00±0.00
Infected  58.40±7.12a) 53.14±6.84a) 90.43±3.63

Data are presented as the mean ± SEM of 5 mice in each group. 

Significantly different from the values of control mice a) P<0.01.  

b) ECP positive cells were regarded as eosinophils.  

c -defensin positive eosinophils in total eosinophils.
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GENERAL DISCUSSION AND CONCLUSION 

In the first chapter, results of immunohistochemical analysis showed, for the first time, 

that the tissue infiltrating eosinophils produce -defensin, and these eosinophils reacted by 

host defense immune Th2 responses against helminth Nb in murine model (Figure. 1). 

Helminth infected mouse model is not suitable for study of direct effect of eosinophil 

derived -defensin on pathogen. In our study, eosinophil infiltrative reaction was limited to 

submucosal region of intestine without direct contact to helminth. These findings were 

consistent with several previous studies (Daly et al., 1999; Shin et al., 1997). Although 

infiltrated eosinophils in submucosal region expressed -defensin, I could not estimate the 

direct effect of eosinophil infiltration on intestinal stage of helminth via -defensin. 

Nb larvae migrate from the skin to the lungs, where they undergo a molt and maturation 

phase en route to the small intestine (Daly et al., 1999). In lung, helminth larvae are present 

in the parenchyma and there would be a possibility to detect direct contact of eosinophil 

and helminth organisms. On the other hand, eosinophil reaction against helminth must take 

time because proliferation, migration form blood and activation in lung would be needed 

(Anthony et al., 2007; Daly et al., 1999). Nb is present in the lung temporally and 
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eosinophil might not react in time. A previous in vivo study indicated IL-5 (crucial Th2 

cytokine for induction of eosinophilia) transgenic mice had increased resident-eosinophils 

in lung that resulted in trapping of helminth larvae, while normal mice could not trap 

larvae and most of helminth migrate to the intestine (Daly et al., 1999). These data 

suggested that eosinophils in the lung of normal mice takes time to react against Nb. 

Therefore, by using Nb infected mouse model, a lot of difficulty would remain to examine 

the direct effect of eosinophil derived -defensin against N. brasiliensis larvae.  

This study showed that eosinophil express -defensin against helminth infection. Also, a 

previous study showed, -defensins, localized within the eosinophil 

crystalloid granules (Driss et al., 2009). Eosinophil have cytoplasmic granules that 

contains MBP, ECP, EDN and eosinophil peroxidase (Acharya and Ackerman, 2014; 

Venge et al., 1999).Cytotoxic granule proteins secreted by eosinophils have been 

speculated to be important in mediating the anti-helminthic action (Klion and Nutman, 

2004).In addition, it has been previously reported that human -defensin have anti-

helminthic effect (Magalhaes et al., 2008). Like other cytotoxic granule proteins in 

eosinophil, -defensin also secreted from eosinophil and have anti-helminthic effect. The 

anti- helminthic effects of these proteins may differ depending on the type of helminth. 

Although it is hard to identify the detailed mechanism of each cytotoxic granule protein 
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regarding anti-helminthic action, -defensin would have an important role in eosinophil 

reaction against helminth infection. 

In the second chapter, I established mycobacterium infected mice model that was closely 

similar to human case. In the model, blood eosinophilia and infiltration of -defensin 

producing eosinophils that to surround mycobacteria at the site of infection was 

demonstrated in mycobacterium infected mouse model (Figure. 2). 

Our study showed that eosinophils clearly produced -defensin against mycobacterial 

infection in mice and -defensin producing eosinophils surrounded mycobacteria at the site 

of infection, indicating -defensin have direct effect on mycobacterium. An in vitro study 

reported that -defensin was induced in eosinophils by stimulation with mycobacteria and 

showed a synergistic effect with ECP on mycobacterial growth inhibition (Driss et al., 

2009). There is also possibility that eosinophil derived -defensin has synergistic effect 

with other eosinophil granule proteins against bacteria but to date investigation is not 

sufficient. For examples, EPO has been reported to have lytic activity against M. 

tuberculosis(Hogan et al., 2013). ECP possesses antimicrobial activity against both gram-

negative and gram-positive bacteria(Driss et al., 2009). In addition to previous studies, our 

study suggested that -defensin produced by eosinophils participates in the reaction against 
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mycobacterial infection. For further study to investigate individual and synergistic effects 

of -defensin, it would be useful to make -defensin-knockout animal model.

The anti-mycobacterial ability of eosinophils challenges the concept that vaccination 

with BCG and resistance against acute tuberculosis is dependent on host ability to generate 

Th1 immunity (Driss et al., 2009).The last World Health Organization-sponsored trial, 

carried out between 1968 and 1971, led to the conclusion that BCG vaccination had no 

overall protective effect against tuberculosis (Power et al., 1998). Eosinophil reaction to 

mycobacterium infection observed in our study  represented the Tn2 immune reaction, 

because eosinophils often are intimately linked with Th2 immunity (Spencer and Weller, 

2010).  Unlike BCG vaccination, mycobacterial infection had been reported to induce Th1 

and Th2 immune reactions in human case and animal models (Driss et al., 2009; Power et 

al., 1998). Further investigations about Th2 immune reaction, particularly about eosinophil 

reaction, would fill the lack of BCG vaccination, leading to improved vaccine technique.  

Helminth infected mouse model and mycobacterium infected mouse model, both animal 

models have some benefit and limitation. In this study, two types of model were 

established to study eosinophilia-related mechanism. Helminth infected mouse model, in 
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which eosinophils do not directly come in contact with the pathogens and eosinophil 

infiltrative reaction limited to warm burden site that this mainly intestine. On the other 

hand, in mycobacterium infected model infiltrative eosinophils directly come in contact 

with the pathogens, facilitated study on direct effect of eosinophils on pathogens. In 

helminth infected model no systemic infection has been achieved, so eosinophil infiltrative 

reaction to other organs are not so prominent like the adult worm burden site. In contrast 

mycobacterium infected model achieved systemic infection resulting disseminated 

eosinophil infiltrative reaction to other organs including liver, spleen, lymphnode etc. 

While time requirement for helminth infected model to achieve maximum eosinophil 

infiltrative reaction is less, only 10 days was enough to get the desired eosinophil 

infiltrative reaction, mycobacteria infected model requires as long as 1 month to achieve 

maximum eosinophil infiltrative reaction. Previously mouse infected with Nb model was 

used for the study of eosinophils mechanism related study against helminths (Daly et al., 

1999; Shin et al., 1997). Mouse infected with M avium model was reported to use for the 

study of immune effector mechanism during mycobacterial infections and to study rapid 

chemotaxis and phagocytosed property of eosinophils against mycobacteria (Castro et al., 

1991; Haug et al., 2013). Both helminth and mycobacterium infected model is useful to 
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investigate eosinophil reaction, however, researchers should choose one according to the 

purpose of study. 

This study recommended Zamboni fixative for future -defensin research and for other 

water-soluble, small peptides research in the tissue. Through my study, Zamboni fixative 

made it possible to detect -defensin in eosinophil. Zamboni fixative contains phosphate 

buffered picric acid and formaldehyde, is very stable, and provides good general fixation 

with rapid penetration and optimal preservation and stabilization of cellular proteins 

(Accinni et al., 1974). In my study, I also tried ordinary fixation methods using formalin 

and paraformaldehyde, but I could not detect -defensin in eosinophils. These facts 

suggested that ordinary fixation methods were not enough to keep -defensin with in 

eosinophils. In one previous study, Zamboni fixative was used for detection of eosinophil 

granule protein EPO, a small molecule contained in eosinophil granule, in ear skin biopsies 

of mice (Lee et al., 2015). There are several kinds of small molecular weight water soluble 

peptides other than -defensin (Izadpanah and Gallo, 2005). Zamboni fixative might help 

for easy detection of these types of proteins into tissue. 

In conclusion, this study revealed -defensin productive reaction of eosinophil in both 

helminth and mycobacterium infected models. These models are good for study of 
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eosinophil derived -defensin mechanism against microorganisms. Both models facilitate 

in situ detection of -defensin in eosinophils and elucidate relationship between 

eosinophilia and -defensin production. Mycobacterium infected mouse model is a good 

model to study eosinophil reaction in human and animal mycobacterial diseases including 
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Figure 1. Schematic diagram shows helminth infection to mouse induce blood eosinophilia 

and infiltration of eosinophils in intestinal submucosa and infiltrated eosinophil produce -

defensin.  
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Figure 2. Schematic diagram shows mycobacterial infection to mouse induce blood 

eosinophilia and infiltration of eosinophils in tissue and infiltrated eosinophils that to 

surround mycobacteria produce -defensin. 
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