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Abstract 

 

Induction of mucosal immune responses by Brucella 

abortus antigens using delivery systems based on 

chitosan nanoparticles 

 

Soojin Shim 

 

(Supervisor: Prof. Han Sang Yoo, D.V.M., Ph.D) 

 

Department of Veterinary Medicine 

The Graduate School 

Seoul National University 

 

Brucella species, Gram-negative, facultative intracellular bacteria, are the causative 

agent of brucellosis which is the most common zoonotic disease. Brucellosis is 

transmitted through the mucosal membrane in the respiratory, digestive, and genital 

tracts of both animals and humans via drinking of unpasteurized milk or direct/ 

indirect contact with infected animals. At present, vaccines against Brucella abortus, 

such as Rev. 1, S19 and RB51, have been used to control the disease. However, these 

vaccines have some drawbacks, such as interference with diagnosis, abortion in 

pregnant animals, pathogenicity in humans, and antibiotic resistance. Therefore, the 
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development of an effective vaccine without side effects for brucellosis has been 

required. In addition, developing delivery systems to induce immunity in the 

mucosal membranes as a primary barrier is required.  

Drug delivery by the intranasal route was considered the preferred route of 

administration for its convenience and induction of systemic and mucosal immunity. 

The inductive site of the mucosal immune response against inhaled antigen has been 

known as the nasal-associated lymphoid tissue (NALT). It contains microfold cells 

(M cells), which are cells that are specialized for the phagocytosis across the 

epithelium of antigens, and immunocompetent cells that play key roles in the defense 

against pathogens. To overcome the rapid clearance of antigens at the mucosal 

surface and improve uptake of antigen into the MALT, a strategy using delivery 

systems based on nanoparticles are promising application in mucosal administration 

of antigen. The chitosan, a natural linear polyaminosaccharide, is obtained by 

alkaline deacetylation of chitin. The chitosan has been known as a useful polymer 

for mucosal delivery due to ionic binding between positive charge of abundant amino 

groups in chitosan and negative charge of carboxyl group of sialic acid residues on 

mucin. Based on the current knowledge, delivery system with chitosan nanoparticle 

(CNs) and B. abortus antigens were developed and investigated the activation of 

gene networks and the induction of mucosal and systemic immunity with the system 

in this study. 

As the first study, B. abortus malate dehydrogenase (Mdh) was loaded in 

mucoadhesive CNs. Then, an in vitro M cell model was used to investigate whether 
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CNs-Mdh improve the antigen delivery and could induce an inflammatory response. 

Mdh loaded CNs induced enhanced transport of Mdh in the M cell model as 

compared to Mdh stimulation group (P<0.05). CN-Mdh stimulation group showed 

significantly higher production of IL-1β and IL-6 in comparison with Mdh 

stimulation group. Also, gene expression of TLR2, MyD88, TRAF6, IRF4 and CD14 

were significantly increased by stimulation with CNs-Mdh. 

Second, the time-dependent gene expression of NALT was analyzed after intranasal 

immunization of BALB/c mice to identify how CNs-Mdh affect the target site of 

nasal immunization and induction of mucosal immunity. Intranasal immunization of 

CNs-Mdh reduced cell viability of epithelial and muscle cells at first 1 h, then 

induced cellular movement of immune cells such as granulocytes, neutrophils, and 

lymphocytes at 6h, and activated IL-6 signaling pathway at 12h within NALT. The 

immunization also promoted signaling pathway for high-mobility group box 1 

protein (HMGB1), followed by the maturation of DCs required for mucosal 

immunity in immune cells. Significant amounts of antigen specific IgA were 

detected in the fecal excretions and genital secretions from the CNs-Mdh-immunized 

group after 2 weeks-post immunization (wpi).  

Third, three B. abortus promising antigens, Mdh, outer membrane proteins (Omp) 

10 and 19, were individually loaded in CNs and induction of mucosal and systemic 

humoral immunity were investigated after intranasal immunization of BALB/c mice. 

These antigens were also coimmunized as cocktail (Cocktail) to evaluate multiple 

antigen specific vaccine candidates. At 6 wpi, antigen specific total IgG was 
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increased in all of the immunized groups, predominantly IgG1 (P<0.05). Analysis 

of cellular and humoral immunity with ELISpot and ELISA showed that B. abortus 

antigens-loaded CNs elicited Th2-polarized response. In the analysis of mucosal 

immune responses, anti-Mdh IgA from nasal washes and fecal excretions, and anti-

Omps IgA from sera, nasal washes, genital secretions, and fecal excretions were 

significantly increased in single antigen immunized groups (P<0.05). In the 

Cocktail-immunized group, anti-Mdh IgA were significantly increased (P<0.05).  

Those results suggested that the intranasal immunization of B. abortus antigens-

loaded CNs was an optimal delivery system to induce systemic and specific mucosal 

immune response to the antigens.  

 

Keywords: Mucosal immune response, Delivery system, Brucellosis, Malate 

dehydrogenase, Outer membrane protein (Omp) 10, Omp19, Chitosan nanoparticles 

 

Student Number: 2015-218193  
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General Introduction 

 

Brucellosis is well-known zoonotic disease caused by Brucella spp. Recently, 

twelves of Brucella species have been identified; Brucella melitensis (sheep and 

goats), B. suis (hogs), B. abortus (cattle), B. ovis (sheep), B. canis (dog), B. neotomae 

(wood rats), B. ceti (seals), B. pinnipedialis (pinnipeds), B. inopinata (Breast implant 

infection), B. microti (common vole), B. vulpis (red fox), and B. papionis (baboon) 

(Elfaki et al., 2015). Among them, B. melitensis and B. abortus are the main 

causative agent of brucellosis in humans. Infection with B. abortus leads to abortion 

or low fertility in animals, and debilitating symptoms with serious clinical 

manifestations and chronic illness in humans (Golding et al., 2001). Brucellosis is 

transmitted through the mucosal membrane including the respiratory, digestive, and 

genital tracts of both animals and humans via inhalation of unpasteurized milk or 

direct contact with infected animals (Perkins et al., 2010). 

Vaccination against brucellosis has been widely performed in cattle using live 

attenuated strains such as RB51 and S19 to reduce infection in the animal 

populations and the effect of the disease on animal health and production (Schurig 

et al., 2002). RB51 is stable strain that show no residual virulence and serodiagnostic 

test interference. The S19 vaccine strain has low pathogenicity, high immunogenicity, 

and a long protection against Brucella (Schurig et al., 2002). Although these live 

attenuated vaccines are stable, there are some drawbacks. RB51 exhibited low 

protective efficacy in cattle and pathogenic to humans. Also, S19 interferes with 
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serodiagnostic brucellosis test, pathogenic to humans, and induce abortions and 

reduced milk production (Carvalho et al., 2016). There is no vaccine for human 

brucellosis. Therefore, development of a new vaccines for brucellosis is an urgent 

need to prevent economic loss, public health threat, and potential bioterrorism. Over 

the years, many researchers have been investigated alternative vaccine candidates 

that safe and effective for brucellosis including recombinant genes, proteins, and 

vector vaccines (Lowry et al., 2011). However, most of these vaccine strategies has 

been focused on induction of systemic immunity rather than mucosal immunity 

which is the most important in prevention of the brucellosis. 

Drug delivery by the nasal route is considered the preferred route of administration 

for its convenience and the presence of the nasal-associated lymphoid tissue (NALT), 

inductive site of the mucosal immune response against inhaled antigen in the upper 

respiratory tract (Kiyono and Fukuyama, 2004). This lymphoid tissue contains B cell 

follicles, T cell areas, and antigen-presenting cells and is covered by an epithelial 

layer containing microfold (M) cells (McGhee and Fujihashi, 2012). M cells are the 

epithelial cell that specializes in antigen sampling at mucosal surfaces. Since NALT 

samples contains immune competent cells that play an important role in the defense 

against pathogens, it is possible to induce mucosal immune responses using various 

subsets of T helper cells, including Th1, Th2 and Th17 (Sato and Iwasaki, 2005). 

The induction of mucosal immunity in the lymphoid tissue is able to stimulate both 

humoral and cell-mediated responses in mucosal and systemic sites (Cerutti et al., 

2011). To provoke effective mucosal immunity in the local site, an effective adjuvant 



- 3 - 

 

must be considered since the recombinant protein tends to be less immunogenic than 

the whole cell vaccine.  

Chitosan is a biodegradable natural polymer with great potential for effective 

delivery vesicles due to its biocompatibility, stable charge density, low toxicity, and 

low cost for production (Mohammed et al., 2017). It is a natural linear 

polyaminosaccharide, obtained by alkaline deacetylation of chitin. Its positive 

charge by abundant amino groups reacts with negatively charged mucosal surfaces, 

as a useful polymer for mucosal delivery (Singh et al., 2018). Chitosan nanoparticles 

(CNs) are most widely studied drug delivery system that possess mucoadhesive 

property so that it adheres to mucus membranes and release the drug in a sustained 

manner. Drug release depends on the type of polymer and internal bonding, the shape, 

and size of the nanoparticles as it reflects surface area and free energy (Abo-Elseoud 

et al., 2018). CNs have various applications in non-parenteral drug delivery for the 

treatment of cancer, gastrointestinal diseases, pulmonary diseases, and drug delivery 

to the target site in the body (Singh et al., 2018). Appropriate proportions of antigen 

and delivery vehicles are required to induce mucosal immunity since systemic 

mucosal and humoral response is not always induced through mucosal immunization.  

Previously, malate dehydrogenase (Mdh), outer membrane (Omp) 10 and Omp19 

were selected as promising Brucella antigen since those are shown to be reactive 

during the infection period in cattle with the exclusion of cross-reaction with Yersinia 

enterocolitica infected sera and immunogenic in THP-1 cells and BALB/C mice (Im 

et al., 2018a; Im et al., 2017; Im et al., 2018b; Lee et al., 2015a; Soh et al., 2019). 
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The purpose of this study was to investigate a delivery system that induces a 

successful mucosal immune response by Brucella recombinant proteins through an 

in vitro M cell model, global transcriptome analysis, and production of specific 

antibodies (Fig. 1). First, B. abortus malate dehydrogenase (Mdh) was loaded in 

mucoadhesive CNs and investigated whether this composition could pass the 

epithelial cells layer containing M cells and induce an inflammatory response as an 

M cell-targeted delivery system. Second, the gene expression of NALT of 

intranasally immunized BALB/c mice with CNs-Mdh were performed to observe 

transcriptomic regulations inducing mucosal immune response. Third, three B. 

abortus promising antigens, Mdh, outer membrane proteins (Omp) 10 and 19, and 

cocktail of these antigens were loaded in CNs and induction of mucosal and systemic 

humoral immunity were investigated after intranasal immunization of BALB/c mice.
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Figure 1. A schematic diagram for the development of intranasal delivery 

system with Brucella abortus antigens and chitosan nanoparticles.
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Literature Review 

 

I. Brucellosis 

 

1. Infection and disease  

 

1.1. Global prevalence of Brucella infection 

Brucellosis is worldwide zoonotic disease that affect domestic animals and 

humans caused by bacteria of the genus Brucella. Currently, twelve species of the 

Brucella are known. Six species of Brucella are well described according to natural 

host: B. melitensis (sheep and goats), B. abortus (cattle), B. suis (pig), B. ovis (sheep), 

B. canis (dogs), and B. neotomae (wood rats). Among them, B. melitensis and B. 

abortus are the main causative agent of brucellosis in humans. Brucellosis is 

transmitted through the mucosal membrane including the respiratory, digestive, and 

genital tracts of both animals and humans via inhalation of unpasteurized milk or 

direct contact with infected animals (Gwida et al., 2010). The brucellosis in animals 

results in abortions, placental retention, metritis and reduced milk production. In the 

human, the disease is characterized by a chronic infection and debilitating symptoms 

with serious clinical manifestations, such as fever, joint complication, hepatomegaly, 

and splenomegaly (Schurig et al., 2002). The disease is widespread in variety of 
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countries including the Mediterranean, Middle East, Asia, Africa, and South America. 

It infects annually approximately >300 million cattle infections in the 1.4 billion 

worldwide cattle population and >500,000 new humans worldwide (de Figueiredo 

et al., 2015). Therefore, it is important to further understand the mechanisms of 

Brucella pathogenesis and control the disease to improve public health, biosafety, 

and economic loss. 

 

1.2. Pathogenicity of Brucella spp. 

Brucella does not possess well-known bacterial virulence factors such as plasmids, 

exotoxins, cell lysates, or capsules (Martirosyan et al., 2011; Neyen and Lemaitre, 

2016). The key aspect of the virulence of Brucella is that can survive and replicate 

through its ability to modulate host cell functions within the host cells (Ko and 

Splitter, 2003; Martirosyan et al., 2011). During Brucella infection, macrophages, 

dendritic cells (DCs) and trophoblasts are mainly targeted to replicate and survive in 

the host. Brucella avoid the killing mechanisms in host immune cells and spreads 

throughout the body by the regional lymph nodes. As Brucella virulent factors, 

lipopolysaccharide (LPS) (Lapaque et al., 2005), type IV secretion system (T4SS) 

(de Jong et al., 2008), and the BvrR/BvrS two-component system (Guzman-Verri et 

al., 2002) have been identified to be critical in the intracellular survival and 

replication of Brucella inside host cells. Following uptake by the phagocytic cells, 

Brucella spp. reside in the first 8 to 12 h post infection within a membrane bound 

vacuole (Brucella-containing vacuole; BCV) (Celli et al., 2003). The endosomal 
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maturation of BCV is occur through the interaction with early and late endosomes 

and lysosomes (LYS) and it becomes an acidified, endosomal BCV (eBCV) (Celli, 

2019). eBCV undergoes interaction with the endoplasmic reticulum (ER) that 

convert into the replicative vacuole via Sar1, Rab2, and IRE-α dependent 

mechanisms (Bhuin and Roy, 2014). These interactions lead to BCV acquisition of 

ER-specific markers that include calreticulin, calnexin, and Sec61 (Celli et al., 2003). 

Bacteria replicate in rBCVs between 12 and 48 h after post infection. Then, rBCVs 

are captured within auto phagosome-like structures in a VirB T4SS-dependent 

manner, and become autophagic BCVs (aBCVs) by autophagy initiation protein such 

as ULK1, ATG14L and BECLIN1 (Starr et al., 2012). These processes complete the 

intracellular cycle of the pathogen and induce the release of pathogen from the cell 

through lytic and non-lytic mechanisms (Kimura et al., 2017) (Fig. 2). 
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Figure 2. Model of the Brucella intracellular cycle in macrophages (Adapted 

from Celli et al., 2019). 
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1.3. Immune responses against Brucella spp. 

After entering the host, Brucella are recognized by pattern recognition receptors 

(PRRs) such as Toll-like receptors (TLRs) on the macrophage and DCs (Snyder et 

al., 2014). Infection of Brucella induces a specific immune response mediated by 

Th1 lymphocytes that enhance bactericidal activity in macrophages. Th1 

differentiation is characterized by the production of pro-inflammatory cytokines as 

tumor necrosis factor (TNF)-α, interleukin (IL)-12, and interferon (IFN)‑γ which 

play important roles in the regulation of early Brucella infection (Reyes et al., 2018). 

Maturation of DCs during Brucella infection is induced by MyD88 dependent 

pathway and activated DCs stimulate T cells to produce IFN-γ (Macedo et al., 2008). 

IFN-γ has been reported to reduce the intracellular growth and replication of 

Brucella by stimulating the production of reactive oxygen intermediates, nitric oxide, 

and TNF-α (Elfaki et al., 2015; Jiang et al., 1993). Pro-inflammatory cytokines 

activate multiple immune cells such as CD4+, CD8+ T lymphocyte and natural killer 

cells that kill the Brucella-infected cells (Golding et al., 2001). Activated CD4+ and 

CD8+ T lymphocyte is also required for long-term protection (Schurig et al., 2002).  

Protective immunity of host against Brucella is mediated by both cellular (Th1) and 

humoral (Th2) immune response. Anti-Brucella immunoglobulin (Ig) M antibodies 

are mainly elicited by LPS of Brucella during the acute infection and IgG antibodies 

are provoked by Brucella cytoplasmic proteins in their later stage of infection (Elfaki 

et al., 2015). Th1 is characterized by production of IgG2a whereas Th2 is 

characterized by production of IgG1. The Brucella live attenuated vaccine strains, 
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S19 and RB51 are known to induce strong cellular immunity. However, the antibody 

profile observed in both vaccination regimens were reported as predominantly IgG1 

(Dorneles et al., 2015b). Recent studies suggest that immune protection against 

Brucella involves complicated balance between Th1 and Th2 related immune 

response (Dorneles et al., 2015b; Hop et al., 2019). 

 

2. Prevention and control 

  

Brucellosis remains a constant worldwide threat, especially in the developing 

countries. Each brucellosis control program leaded by international organizations is 

aimed to reduce infection in the animal populations and the effect of the disease on 

animal health and production, thus minimizing the human health and economic 

burden of the disease (Hashemi and Jafari, 2014). The best ways to prevent 

brucellosis infection for human are that do not consume undercooked meat, 

unpasteurized dairy products including milk, cheese and ice cream. For the animal 

infection, the slaughtering and proper disposal of seropositive animals and effective 

vaccination would reduce the occurrence of disease. Preventive management include 

surveillance, animal control, and use of the brucellosis vaccine for animals (Gwida 

et al., 2010). These methods for effective control of animal brucellosis requires the 

following elements: 1) hygienic management with herd management and education, 

2) vaccination of animals, and 3) slaughter of infected animals (Hashemi and Jafari, 
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2014). Among them, vaccination is an effective strategy to prevent the spread of 

brucellosis which is in practice worldwide. However, at present, no effective and 

relatively safe vaccine is available that provides long-term protection against 

brucellosis and there is demand for the development of new Brucella vaccines that 

are safer and more effective (Wernery, 2014). 

 

3. Development of vaccines 

 

3.1. Live attenuated B. abortus vaccines 

Vaccination against brucellosis has been widely performed in cattle using live 

attenuated strains such as RB51 and S19 (Carvalho et al., 2016). B. abortus strain 

RB51 was derived from a virulent strain of B. abortus 2308. This vaccine strain is a 

rifampicin resistant mutant that the wbo A gene was deleted from B. abortus 2308 

through serial subculture (Schurig et al., 1991). RB51 exhibited a lack of expression 

of the LPS O-side chains since the deleted gene encodes a glycosyl transferase which 

is required for O-side chain synthesis (Schurig et al., 1991). RB51 is stable strain 

that show no residual virulence and serodiagnostic test interference. However, this 

strain exhibited low protective efficacy in cattle and pathogenic to humans although 

the rifampicin is used for treatment of brucellosis in humans (Ashford et al., 2004). 

B. abortus strain 19 (S19) was derived from a virulent strain isolated from milk in 
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1923 in U.S. (Dorneles et al., 2015a). This strain was accidentally left out at room 

temperature for one year and it lost virulence by deletion of the erythritol catabolic 

genes (Sangari et al., 1994). This vaccine strain has low pathogenicity, high 

immunogenicity and a long protection against Brucella. However, S19 has some 

drawbacks including interference with serodiagnostic brucellosis test, causing 

abortions, reduced milk production, and virulent for humans (Schurig et al., 2002).  

Although these live attenuated vaccines provide the desirable protection, there are 

some drawbacks as described above. Development of a new vaccines for brucellosis 

is an urgent need due to economic costs, public health safety, and potential 

bioterrorism. Further researches for identification of alternative vaccine candidates 

that safe and effective for brucellosis including recombinant genes, proteins, and 

vector vaccines are required (Carvalho et al., 2016).  

 

3.2. Subunit vaccine for brucellosis 

Many research groups have confirmed the ability of B. abortus recombinant 

proteins such as outer membrane proteins (Omps), L7/L12, P39, BLS, and Cu/Zn 

SOD to confer protective immunity against Brucella spp. infection (Abkar et al., 

2017; Pasquevich et al., 2010; Risso et al., 2017). These antigens are developed to 

reduce the risks from whole cell vaccines and provide effective, non-replicating and 

easy re-productive vaccine. The Brucella cell wall is surrounded with a 

peptidoglycan layer strongly associated with the outer membrane (Tibor et al., 1999). 
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The cell wall of Brucella was described as complex structure contains over the 75 

Omps in the outer membrane layer (Sowa et al., 1991). As immunogenic molecules, 

characteristics of several Brucella Omps including 10-, 16-, 19-, 25-, 31- and 36-

kDa Omps have been analyzed over the past years (Cloeckaert et al., 1996; Kovach 

et al., 1997; Tibor et al., 1999; Tibor et al., 1994). The Omp10, 16, and 19 are 

lipoproteins anchored in the Brucella outer membrane and they share antigenic 

determinants with bacteria of the family Rhizobiaceae (Cloeckaert et al., 1999). The 

recombinant proteins of Omps have been widely explored as subunit vaccines 

(Pasquevich et al., 2009). Immunization of Omp16, Omp19, and Omp25 has been 

reported to induce protection effects against challenge of S19 (Goel et al., 2013; 

Pasquevich et al., 2009; Pasquevich et al., 2011). A subunit vaccine of Omp28 was 

also reported to increase resistance against challenge with virulent B. abortus 544 in 

mice (Goel et al., 2013) In addition, recombinant proteins of other genes encoding 

Brucella cellular components such as L7/12, Brucella lumazine synthase, nucleoside 

diphosphate kinase (Ndk), DnaK, malate dehydrogenase (Mdh) and arginase have 

been shown as promising antigens to induce immune response in vivo and in vitro 

(Delpino et al., 2007; Hop et al., 2015; Im et al., 2017; Velikovsky et al., 2003). 

Additionally, Lee and coworkers reported several promising Brucella antigens that 

are shown to be reactive during the infection period in cattle with the exclusion of 

cross-reaction with Yersinia enterocolitica infected sera (Lee et al., 2015). Among 

the selected antigens, immunization of L7/12, Ndk, and DnaK were reported to elicit 

protection against B. abortus in mice (Hop et al., 2015). B. abortus Mdh were 

showed as important antigen in THP-1 cells (Im et al., 2018b), BALB/C mice (Soh 
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et al., 2019) and elk and cattle (Lowry et al., 2010) and it has been reported to induce 

partial protection in mice (Lowry et al., 2011). Compared to other bacterial 

pathogens, less is known regarding the mechanisms involved in antigenic properties 

of B. abortus Mdh. The production of Mdh appears to be highly regulated to adapt 

to several stressful conditions including aerobic and anaerobic cell growth in 

Brucella spp. (Teixeira-Gomes et al., 2000), Escherichia coli (Park et al., 1995), and 

Corynebacterium glutamicum (Molenaar et al., 2000). In addition, Han and 

coworkers reported that Brucella Mdh exhibits fibronectin and plasminogen-binding 

ability and anti-serum against Mdh significantly reduced both bacterial adherence 

and invasion abilities in HeLa cells, suggesting that Mdh play a role in B. abortus 

colonization (Han et al., 2014). It has previously been reported that bacterial 

component which are not normally present on outer membranes, such as 

unmethylated CpG motifs in bacterial DNA, trigger B cell mitogenicity (Krieg et al., 

1995). The pathogenicity using intracellular antigens could be a strategy used by the 

intracellular bacteria to survive and replicate chronically in the host. 

To provoke systemic immunity using subunit antigens, an effective adjuvant and 

route of administration must be considered since the recombinant protein tends to be 

less immunogenic than the whole cell vaccine. In addition, infection of many 

pathogens including Brucella spp. is usually transmitted through the mucosal 

membrane via oral or aerosol exposure. Therefore, the induction of mucosal 

immunity is one of expecting contribute in developing subunit vaccine to build a 

primary barrier and prevent brucellosis.  
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II. Induction of mucosal immunity  

 

1. Mucosal immunity 

 

1.1. Inductive sites of mucosal immunity 

The mucosal membranes are enormous surface areas that continuously exposed to 

microbiota and antigens. It covers 400 m2 of the body including the respiratory, 

gastrointestinal and urogenital tracts (Neutra et al., 1996). The epithelial cells in 

mucosal surfaces play roles in barriers as well as sensors that detect microbial 

components via pattern recognition receptors such as Toll-like receptors (TLRs) and 

respond by sending signals for cytokine and chemokine to trigger innate immune 

responses. The mucosal immune system is responsible for mediating the symbiotic 

relationship between the host and commensal microorganisms and functioning as the 

first line of defense against invading pathogens. Organized inductive sites of 

mucosal immunity are in areas where pathogens and commensal bacteria are most 

likely to enter the body (Neutra and Kozlowski, 2006). The aggregations of mucosal 

lymphoid follicles are called mucosa-associated lymphoid tissue (MALT), which 

comprise the mucosal immune system that can independently function of the 

systemic immune system. It consists of nasal-associated lymphoid tissue (NALT), 

bronchus-associated lymphoid tissue (BALT) and gut-associated lymphoid tissue 

(GALT) (Neutra and Kozlowski, 2006). The follicle‐associated epithelium contains 
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microfold (M) cells which is specialized cells that induce transcytosis across the 

epithelium of antigens to underlying mucosal cells such as B cells and DCs (Corr et 

al., 2008).  

 

1.2. Innate mucosal immunity 

MALT contains all of the immunocompetent cells, such as DCs, macrophages, T 

cells, and B cells (Corr et al., 2008). These cells are required for the generation of an 

antigen-specific immune response. An antigen is transported to the NALT or Peyer’s 

patches through M cells (Neutra and Kozlowski, 2006). Antigen-presenting cells 

(APCs) such as DCs process and present antigens to T cells in these lymphoid tissues. 

The antigen presentation processes the antigen into peptides and transport the 

peptides on MHC class I or II molecules to the underlying T cell zone (Lamichhane 

et al., 2014). Chemokine–chemokine receptor interactions, such as between 

chemokine ligand (CCL) 19 and chemokine receptor (CCR) 7, and between CCL20 

and CCR6, are involved in transport of APCs to the T cell zones (Sato and Iwasaki, 

2005). Transported peptide is presented to naïve T cells for the generation of antigen-

specific T cell subsets, including Th1, Th2, Th17, and cytotoxic T cells. CD4+ T 

cells that are stimulated by DCs then preferentially induce IgA-committed B cell 

development in the germinal center of the lymphoid follicle (Mora et al., 2006). After 

IgA class switching and affinity maturation, B cells migrate from NALT and Peyer’s 

patches to the regional cervical lymph nodes and mesenteric lymph nodes, 
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respectively (Kiyono and Fukuyama, 2004). Activation of IgA-associated cytokine 

family such as transforming growth factor (TGF)-, IL-2, IL-4, IL-5, IL-6, and IL-

10 help T cell induce IgA-producing B cells and their differentiation into plasma 

cells (Kiyono and Fukuyama, 2004). IgA-producing plasma cells subsequently 

produce dimeric or polymeric forms of IgA. The dimeric IgA become secretory IgA 

by binding to polymeric Ig receptors (pIgR) on the monolayer of epithelial cells 

lining the mucosa (Mora et al., 2006). Secretory IgA is then released into the nasal 

passage or intestinal tract (Fig. 3). 
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Figure 3. The common mucosal immune system (Adapted from Kiyono and 

Fukuyama et al., 2014). 
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1.3. Induction of systemic mucosal immunity 

 The production of IgA up-regulates the expression of tissue-specific adhesion 

molecules and chemokine receptor that can induce homing of lymphocytes back to 

mucosa. These molecules are broadly expressed in the body and these broad 

recognition systems result in ‘common mucosal immune system’. For example, 

CCL28, the ligand for CCR10, is expressed in epithelial cells from several tissues 

including the small and large intestines, salivary glands, tonsils, respiratory tract and 

lactating mammary glands. IgA secreting B cells activated by lymphoid tissue in 

mucosa express CCR10 so that the CCR10+IgA+ B cells can be attracted to these 

epithelial cells and induce systemic specific IgA throughout the body (Kunkel and 

Butcher, 2003; Mestecky, 1987). Mucosal IgA is exported into secretions as 

secretory IgA to intercept, excrete and neutralize antigens (Kaetzel et al., 1991). In 

addition, the production of serum IgA and IgG also can be induced by local mucosal 

immunization. The B cells activated in mucosa express the peripheral homing 

receptors such as α4β1-integrin and leukocyte (L)-selectin and these B cells can be 

spread throughout the body producing antigen specific immunoglobulin (Kunkel and 

Butcher, 2003). These mechanisms are advantage for vaccination strategy for 

mucosal immunity as well as host defense since the appropriate activation of local 

mucosal immunity can induce systemic immune responses. 
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2. Mucosal immunization 

 

2.1. The route of mucosal immunization 

 Most infections of pathogens occur at or through mucosal surfaces. For an ideal 

vaccine, there are some expected attributes that can prevent the pathogen from initial 

attachment, colonization of the mucosal epithelium, and replicating in the mucosa. 

Mucosal vaccination with appropriate antigen and administration route can induce 

both humoral- and cell-mediated immune response throughout the body (Neutra and 

Kozlowski, 2006; Otczyk and Cripps, 2010). As well-known mucosal vaccine, oral 

vaccine for Poliovirus have been shown to induce mucosal IgA and systemic IgG, 

and its efficacy showed over 90% in most of the world (Lycke, 2012). The traditional 

routes of mucosal immunization include oral and nasal routes, and the immune 

induction sites are different according to immunization route. Oral immunization is 

effective to induce immune response in the gastrointestinal tract, salivary glands and 

mammary glands while intranasal immunization is effective in respiratory, gastric 

and genital tracts (Lycke, 2012; Pedersen and Cox, 2012). Other routes for mucosal 

immunization include the rectal, vaginal, pulmonary, conjunctival, sublingual and 

transcutaneous routes (Table 1.). 
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Table 1. Mucosal effector sites associated with immunization routes 

Route Advantages Disadvantages 
Inductive site for IgA 

antibody responses 
References 

Nasal 

• Primary invasive site for 

airborne pathogens 

• Easy access to mucosal 

immune induction sites 

permits less antigen 

compared with oral 

administration. 

• Degradation of antigen 

by host  

• Adjuvants are required 

• Upper respiratory 

tract 

• Lower respiratory 

tract 

• Reproductive tract  

• Blood 

(Hiroi et al., 

1998; Tiwari 

et al., 2012; 

Zaman et 

al., 2013) 

Oral 

• Induction of mucosal 

immune responses to 

other sites through the 

mucosal immune 

network 

• Primary invasive site for 

airborne pathogens 

• Degradation of antigen 

by gut digestive 

process and bacterial 

proteases 

• High doses required 

• Stomach 

• Small intestine 

• Colon 

• Blood 

(Kim et al., 

2012; Tiwari 

et al., 2012) 

Vaginal  

• May be advantageous 

for sexually transmitted 

diseases  

• Poor patient 

compliance 

• Poor induction of both 

systemic and vaginal 

mucosal immune 

responses 

• Strong adjuvants are 

required 

• Reproductive tract 

• Blood 

(Hussain 

and Ahsan, 

2005) 

Rectal 

• May be advantageous 

for sexually transmitted 

diseases 

• Poor patient 

compliance for 

immunization 

• Strong adjuvants are 

required 

• Colon 

• Rectum 

• Blood 

(Neutra and 

Kozlowski, 

2006) 

 



- 23 - 

 

2.2. Nasal vaccine 

Among the immunization route, nasal route has been preferred since the nasal 

mucosa represents layer consist of specialized antigen sampling M cells overlaying 

the NALT (Corr et al., 2008). The NALT, often compared to Waldeyer's ring of 

humans, has been considered as functionally equivalent to Peyer’s patches in the 

GALT (Corr et al., 2008). The well-organized lymphoid tissue contains 

immunocompetent cells including DCs, T cells, and B cells that play key roles in the 

induction of an immune response in upper respiratory tract (Kim et al., 2012). The 

CD4+ T cells from NALT of naïve mice was reported as Th0 cells (Corr et al., 2008). 

Therfore, after the M cell uptake the inhaled antigen, the immunocompetent 

population within NALT can induce various T helper cell subsets, including Th1, 

Th2 and Th17 correspondingly to the antigen (Hiroi et al., 1998). In addition to the 

existence of NALT, the nasal route is considered an attractive route for 

administration with the following advantages. Intranasal immunization requires 

fewer antigen dose than parenteral and oral route because nasal cavity shows 

relatively less enzymatic degradation of antigen (Yin et al., 2013). Other study 

showed that intranasal immunization induces a less rapid but longer-lasting mucosal 

and serum antibody kinetics than oral immunization in human (Rudin et al., 1998). 

The uptake of antigen into the blood circulatory system after intranasal immunization 

is shown to relatively fast (Suman, 2003).  
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III. Intranasal delivery system 

 

1. Definition of delivery system 

 

 Vaccination is an important approach to induce appropriate immune response to the 

pathogen and prevent the disease. Drug delivery is a method or process that a 

pharmaceutical compound is administered to achieve a higher therapeutic effect in a 

human or animal. To improve safety and efficacy of drug or antigen, the drug 

delivery system has been formulated and are being investigated along with the 

administration route.  

Despite of many advantages, mucosal vaccine has some limitation such as rapid 

mucociliary clearance and inefficient uptake (Zaman et al., 2013). To overcome these 

limitations, several strategies have been devised that use appropriate adjuvant and 

administration route. These delivery systems for mucosal vaccine are classified into 

two categories: replicating delivery systems and non-replicating delivery systems 

(Ramvikas et al., 2017). Replicating delivery systems includes expression of 

antigens in engineered viruses or attenuated bacteria that acts as a vector and 

replicate in mucosal tissues. These systems can induce a cytotoxic T cells response 

that produces longer-lasting immunity. For example, intranasal immunization of 

Shigella vector based HIV-1vaccine elicited CD8+Tcell response in mice (Shata and 
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Hone, 2001). However, due to its biological complexity, non-replicating delivery 

systems have been preferred than replicating delivery systems. Non-replicating 

systems use artificial vesicles that act as an adjuvant and control the release of 

antigens. It includes liposomes, micro-/nano-particle, immune-stimulating 

complexes, virus-like particles, emulsions and bioadhesive delivery systems. These 

systems use formulated vesicles with various characteristics such as non-toxicity and 

biodegradability, which is composed depending on antigen and administration route. 

When designing the drug delivery system, it is also important to consider the size of 

particles because the size can have a significant influence on efficacy of delivery 

system (Ramvikas et al., 2017).  

 

2. Delivery of nanoparticle based vaccine 

 

According to properties of antigen, several drug delivery systems have been 

formulated using natural product based carriers including liposomes, micelles, and 

polymeric nanoparticles. The application of nanoparticles in mucosal vaccine 

delivery have several useful attributes to stimulate host immune response. The 

effects of the nanoparticles as adjuvant are shown to improve the ability to cross 

mucosal barriers. The internalization mechanisms of nanoparticles depend on size, 

surface properties and types of cells involved. A variety of biodegradable and 

biocompatible polymers including poly(D,L-lactide-co-glycolide) (PLGA), 
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poloxamers, chitosan, alginate, liposomes and hydrogels have been used for 

enhanced drug release in the mucosal surface (des Rieux et al., 2006). Smaller (~300 

nm) particles demonstrated higher levels in intestinal transport in vivo via 

enterocytes and M cells than the larger particles (Lai et al., 2007). The preferred 

particle size for uptake by the M cells is known to be < 1 m (des Rieux et al., 2006). 

Also, positively charged particles appears enhanced mucoadhesive property over 

negatively charged particles (Mohammed et al., 2017). In addition, surface 

modification of nanoparticles alters ligand specific and availability to interact with 

APCs (Zaman et al., 2014). Conjugation of CD47 on the surface of nanoparticles 

minimized cellular uptake and enhanced their functionality to expand antigen-

specific T cells (Song et al., 2019). The nanoparticles have potential for many 

biomedical applications according to their specific property (Table 2). 
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Table 2. Nanoparticles used in drug delivery system 

Polymeric 

materials 

Size 

(nm) 
Route Antigen Descriptions References 

Chitosan 200 
Intramusc

ular 

ptfA gene of 

Pasteurella 

multocida 

Elicited significant IgG response in chicken. 

Conferred partial protective immunity 

against P. multocida challenge. 

(Gong et al., 

2018) 

Chitosan 254 

Intra-

muscular, 

peritoneal 

Bacillus 

anthracis toxin, 

protective 

antigen (PA) 

Elicited significant IgG (IgG2a dominantly) 

response in mice. Conferred ~83% protective 

rate against B. anthracis challenge. 

(Malik et al., 

2018) 

Chitosan 
228 

-399 

Oculo-

nasal 

Inactivated 

bronchitis virus 

Elicited significant specific IgA and IgG 

response in mice. 

(Lopes et al., 

2018) 

Chitosan 
300 

-350 
Nasal 

Influenza 

hemagglutinin 

Elicited the significant IFN-γ-secreting cells 

in spleens of mice. Conferred 100% 

protective rate against influenza virus 

challenge. 

(Sawaengsak 

et al., 2014) 

PLGA 300 
Subcutan

eously 

Leishmania 

antigens 

Elicited significant IgG (IgG2a dominantly) 

response in mice. Conferred high protective 

rate against L. infantum challenge. 

(Margaroni 

et al., 2017) 

PLGA 633 
Intraperit

oneal 

Bacillus 

anthracis toxin, 

PA 

Elicited significant IgG response in mice. 

Conferred partial protective immunity 

against B. anthracis challenge. 

(Manish et 

al., 2013) 

Dendrimer 500 
Intramusc

ular 
mRNA replicons 

Conferred partial protective immunity 

against influenza virus challenge in mice. 

(Chahal et 

al., 2016) 

Liposomes 
60 

-120 
Intranasal 

Respiratory 

syncytial virus 

glycoproteins 

Elicited higher levels of interferon-γ and 

long-term memory in mice. 

(Lee et al., 

2015b) 

Liposomes <200 Oral 
lipid-core 

peptide 

Elicited specific IgA and IgG response in 

mice. 

(Marasini et 

al., 2016) 

Liposomes 220 Intranasal 
Streptococcus 

Equi antigens 

Elicited significant IgA and IgG response in 

mice. 

(Figueiredo 

et al., 2012) 

Liposomes <200 Intranasal 

Highly 

conserved B and 

T cell epitope 

peptides 

Elicited significant IgA response in pig. 

Conferred partial protective immunity 

against swine influenza A virus challenge. 

(Dhakal et 

al., 2018a) 

Liposomes 
50 

/100 

/1000 

Intranasal 
Ovalbumin 

(OVA) 

Elicited specific IgA and IgG (IgG1 

dominantly) response in mice. 

(Tada et al., 

2015) 

Silica 150 
Intramusc

ular 

Avian Leukosis 

Virus gp85 

protein 

Elicited significant IgG response in chicken. 

Conferred higher protective immunity 

against Avian Leukosis Virus challenge. 

(Cheng et al., 

2017) 

Silica <1000 
Intratrach

eal 

H1N1 influenza 

hemagglutinin 

antigen 

Elicited specific IgA and IgG response in 

mice. 

(Neuhaus et 

al., 2014) 

Inorganic 

nanoparticles 

(Gold) 

12 Intranasal 

Ion channel 

membrane 

matrix protein 2 

Elicited specific IgG response in mice. 

Conferred 100% protective rate against 

influenza virus challenge. 

(Tao et al., 

2017) 

Inorganic 

nanoparticles 

(Gold) 

<50 
Subcutan

eously 

EHEC-specific 

immunogenic 

antigens 

Elicited specific IgA and IgG response in 

mice.  

(Sanchez-

Villamil et 

al., 2019) 
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3. Chitosan nanoparticles for nasal vaccine 

 

Chitosan is a linear amino polysaccharide derived from partial deacetylation of chitin 

(Singh et al., 2018). The chitin is normally found in crustacean shells and is a naturally 

occurring polysaccharide. The chitosan is an mucoadhesive biocompatible polymer 

approved by the U.S. FDA for tissue engineering and drug delivery (Mohammed et al., 

2017). The CNs are the most widely studied drug delivery system for the controlled 

release of antibiotics, proteins, peptide drugs, and vaccines (Biswaro et al., 2018). This 

cationic polymer interacts with the mucosal barriers and enhance the absorption of 

water-soluble macromolecules via tight junction (Singh et al., 2018). Chitosan poses 

positive charges; thus it interacts electrostatically with the negatively charged mucin 

chains, demonstrating mucoadhesive property. This mucoadhesion characteristics 

increase the residence time of the loaded drug and enhances active pharmaceutical 

ingredients absorption (Singh et al., 2018). Previous studies have shown that CNs 

enhance mucosal absorption and have adjuvant activity as a delivery system in nasal 

vaccination (Mohammed et al., 2017; Tiwari et al., 2012). The recent studies that CNs 

were used in nasal delivery were shown in Table 3. 
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Table 3. Chitosan Nanoparticles (CNs) for nasal vaccine  

CNs 
Size 

(nm) 
Antigen 

LE 

(%) 
Animal 

Immunoglobulin Referen

ces IgA IgG 

Chitosan 

nanoparticles 
276.1 

Chlamydia psittaci 
antigens 

71.7 Mice 

Elicited 

(Specific); nasal 
wash and vaginal 

secretions 

Elicited 

(Specific); IgG1 

dominantly 

(Li et al., 
2019) 

Chitosan 

nanoparticles 
350-

400 

pHSP65pep gene of 

Mycobacterium 
tuberculosis 

- Mice 

Elicited 

(Specific); lung 
fluids 

Elicited 

(Specific); IgG2a 
dominantly 

(Ai et al., 

2013) 

Chitosan 

nanoparticles 
500 

Mast cell activator 
compound 48/80  

18.65 Mice 

Elicited 

(Specific); nasal 
wash and vaginal 

secretions 

Elicited 

(Specific); IgG1 

dominantly 

(Bento et 
al., 2015) 

Chitosan 

nanoparticles 
571.7 

Killed swine 

influenza antigen 
67 Swine 

Elicited 

(Specific); nasal 
wash, 

bronchoalveolar 

lavage fluids, 
and lung lysates 

Elicited 

(Specific) 

(Dhakal 

et al., 
2018b) 

Chitosan 

nanoparticles 
581.1 

Influenza virus, CpG 
oligodeoxynucleotide 

and Quillaja saponins 

33.7 Rabbit 
Elicited; nasal 

washes 
Elicited 

(Dehgha
n et al., 

2014). 

Human serum 
albumin conjugated 

Chitosan 

nanoparticles 

290 

pCMVluc and 

HBsAg gene of 

hepatitis B virus 

- Mice 

Elicited 
(Specific); nasal 

wash and vaginal 

secretions 

Elicited 

(Specific) 

(Lebre et 

al., 2016) 

Chitosan/ 

N‐trimethyl-
aminoethyl-

methacrylate 

chitosan (TMC) 
nanoparticles 

141.3/ 

139.4   

Influenza A H1N1 

antigen 

88.5/ 
Approx

imately 
100 

Mice 

Elicited 
(Specific); nasal 

wash, saliva, and 

lung wash 

Elicited 

(Specific) 

(Liu et 

al., 2015) 

TMC liposome-
based nanoparticles 

280 

B cell epitope 

derived from Group 
A streptococcus M-

protein 

97 Mice 

Elicited 

(Specific); saliva 

wash 

Elicited 
(Specific) 

(Marasin

i et al., 

2017) 

Chitosan-coated 
PLGA nanoparticles 

500 

Plasmid DNA of 

Foot-and-mouth 

disease virus 

- Cattle 

Elicited 

(Specific); nasal 

wash and serum 

Elicited 
(Specific) 

(Pan et 
al., 2014) 

Chitosan-coated 
PLGA nanoparticles 

819 

Hepatitis B virus 

surface antigen 

(HBsAg) 

62-67 Chicken 

Elicited 

(Specific); 

Serum 

Elicited 
(Specific) 

(Alkie et 
al., 2018) 

Curdlan sulfate–O-
(2-hydroxyl) 

propyl-3-trimethyl 

ammonium chitosan 
chloride 

nanoparticles 

178 Ovalbumin 72.60 Mice 

Elicited 

(Specific); saliva 

and vaginal 
secretions 

Elicited 
(Specific); IgG1 

dominantly 

(Zhang 
et al., 

2018) 

Mannosylated 

chitosan 

nanoparticles 

400 

pPES gene of 

Mycobacterium 

tuberculosis 

- Mice 

Elicited 

(Specific); 
bronchoalveolar 

lavage fluids 

Elicited 
(Specific) 

(Wu et 
al., 2017) 
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4. Future of nasal delivery system using nanoparticles 

Despite the overwhelming prospect of drug delivery system using CNs, its real 

impact in healthcare system remains to be extremely limited. Comprehensive studies to 

explore the effects of physical and chemical properties including materials, size, shape, 

and charge on the immunotoxicity and immunomodulatory are still needed. Further 

mechanistic studies and cooperation between materials science, immunology, and 

bioengineering, is required to exploit great potential for developing therapeutic drug 

and vaccine. 
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Chapter I 

 

Cytokines production and Toll-like receptors 

expression in human microfold cells stimulated with 

chitosan nanoparticles loaded with Brucella abortus 

malate dehydrogenase 
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Abstract  

 

As infection with many pathogens, including Brucella spp., in humans and animals 

mainly occurs through the mucosa, developing a delivery system to induce immunity at 

the mucosal surface is required. However, few studies have examined the 

immunogenicity and transport of antigen at the level of the M cell, the epithelial cell 

that specializes in antigen sampling at mucosal surfaces. In this study, B. abortus malate 

dehydrogenase (Mdh) was loaded in chitosan nanoparticles (CNs). Then, an in vitro M 

cell model was used in which Caco-2 cells and Raji B cells were co-cultured to 

investigate the impact of the uptake and immunogenicity of B. abortus Mdh on 

nanoparticle transport in human M cells. The results showed that loaded CNs induced 

enhanced transport of Mdh in the M cell model. ELISAs showed significantly higher 

production of IL-1β and IL-6 in the CN-Mdh stimulation group than that seen in the 

Mdh stimulation group. The observed increase of gene expression of TLR2, MyD88, 

TRAF6, IRF4 and CD14 implied that MyD88-dependent TLR2 signaling was activated 

by stimulation with CNs-Mdh. These results suggest that loading Mdh into CNs could 

be useful delivery system since it may function synergistically to enhance the antigen 

delivery and pro-inflammatory responses triggered by the MyD88-dependent TLR2 

signaling pathway in M cells. 
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Introduction 

Drug delivery by the nasal or oral route is considered the preferred route of 

administration for its convenience and induction of systemic mucosal immunity (des 

Rieux et al., 2006). As many pathogens are usually transmitted through the mucosal 

membrane, the induction of mucosal immunity is important to build a primary barrier 

for prevention. However, an appropriate adjuvant should be considered to overcome the 

rapid clearance and inefficient uptake of antigen in the mucosal membrane (Pasquevich 

et al., 2010). The mucosal epithelium contains microfold cells (M cells), which are cells 

that are specialized for the phagocytosis and transcytosis across the epithelium of 

antigens and pathogenic or commensal microorganisms (Corr et al., 2008). M cells are 

found in the follicle‐associated epithelium of mucosa-associated lymphoid tissue 

(MALT), such as Peyer’s patches and nasopharynx-associated lymphoid tissue (NALT) 

(Kim et al., 2012). M cells act as gateways to the mucosal lymphoid tissues and play an 

important role in the initiation of immune responses (Corr et al., 2008; Kim et al., 2012). 

Over the years, many efforts have been made to develop subunit vaccines against 

intracellular organisms using recombinant proteins (Griffiths and Khader, 2014). 

Brucellosis is a worldwide zoonotic disease caused by Brucella species that affects 

domestic animals and humans (HASHEMI TABAR and Jafari, 2014). In addition to 

animals, Brucella infection is widespread in humans in a variety of countries, including 

the Mediterranean, the Middle East and India (Gwida et al., 2010). Previously, malate 

dehydrogenase (Mdh), a promising Brucella abortus antigen, induced high production 
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of pro-inflammatory cytokines in human monocytes (THP-1 cells) and IgG in BALB/C 

mice (Im et al., 2017; Im et al., 2018b). Mdh is a key enzyme in the TCA cycle, which 

is one of the most important pathways for energy metabolism. Recent studies showed 

that Mdh elicited partial protection and immunostimulatory effects against Brucella 

spp., Toxoplasma gondii and Mycobacterium avium subsp. Paratuberculosis (Kim et 

al., 2018; Liu et al., 2016; Lowry et al., 2011). As infection with many pathogens, 

including Brucella spp., mainly occurs through the mucosa, developing an M cell-

targeted vaccine to induce immunity at the mucosal surface is required. 

Encapsulation of antigen into nanoparticle systems has been widely studied for oral 

and nasal vaccination because it has advantages such as the need for a small dose of 

antigen and controlled release of antigen (des Rieux et al., 2006). The chitosan has been 

reported as a useful material for nanoparticles for the transmucosal delivery of antigens 

due to its lack of toxicity, biodegradability, cost and strong mucoadhesive property (Yoo 

et al., 2010). Some studies have demonstrated important factors influencing particle 

transcytosis through M cells, including particle size (Gullberg et al., 2000), materials 

(des Rieux et al., 2005; Garinot et al., 2007), temperature and duration of exposure 

(Caliot et al., 2000; Ouzilou et al., 2002) by using the in vitro M cell model. However, 

few studies have examined chitosan nanoparticles (CNs) in M cells.  

The study of M cells has been challenging due to the difficulties with isolating M cells, 

lack of an enrichment strategy, phenotype variation between species, and limited 

knowledge of M cell biology (Corr et al., 2008). However, the development of an in 
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vitro M cell model by Kerneis, Gullberg, and their co-workers provided great potential 

in the study of the interaction of pathogens with the intestinal and respiratory epithelium 

(Gullberg et al., 2000; Kernéis et al., 1997). The advantages of the model are that it 

allows translocation of microorganisms or nanoparticles, the study of the impact of B 

cell-released cytokines, including interleukin 6 (IL-6) and tumor necrosis factor-alpha 

(TNF-α), on nanoparticle transport, and gene expression studies in M cells (Miyake et 

al., 2016). Currently, in vitro M cell culture is a useful model that can be exploited to 

evaluate the transport of nanoparticles for protein, drug or oral vaccine delivery into M 

cells (Beloqui et al., 2017). 

In addition to the transport and uptake of M cells, much attention has been focused 

on antigen recognition and the immune response of M cells (Lapthorne et al., 2012). 

The recognition of microbial components by Toll-like receptors (TLRs) has been 

established as the classical mode of the activation of innate and adaptive immune 

systems. Currently, a total of 10 human TLRs (1–10) have been identified (Kawai and 

Akira, 2010). The activation of a TLR triggers the induction of downstream target genes 

and transcription factors, thereby activating inflammatory mediators. Studies have 

demonstrated that TLR2 and TLR4 recognize bacterial components and are mainly 

required for signaling mediated by ligands from bacteria, such as lipopolysaccharide 

(LPS) (Dziarski and Gupta, 2000). TLRs, except for TLR3, exploit myeloid 

differentiation factor 88 (MyD88) and recruit TNF receptor-associated factor 6 (TRAF6) 

to induce downstream target genes. In contrast, Toll-IL-1 resistance domain-containing 

adaptor-inducing IFN-β (TRIF) is used by TLR3 and TLR4 to induce alternative 
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pathways for downstream signaling (Kawai and Akira, 2010; Kawasaki and Kawai, 

2014). Recently, several studies also demonstrated that TLR signaling pathways can be 

activated by nanoparticles (Cui et al., 2011; Lucarelli et al., 2004). TiO2 and ZrO2 

nanoparticles increased gene expression of TLR7 and TLR10 in human macrophage 

cells (Lucarelli et al., 2004) and mouse liver cells (Cui et al., 2011). ZnO nanoparticles 

and Quantum dot 705 activated MyD88-dependent inflammatory response via TLR 

signal pathway (Chang et al., 2013; Ho et al., 2013). TLRs may have important roles 

not only for nanoparticle recognition but also for uptake (Chen et al., 2013). Since the 

TLRs are mainly involved in the recognition of Brucella (Giambartolomei et al., 2004), 

developing the composition of B. abortus antigen and CNs that can be recognized by 

TLRs might be beneficial in developing vaccine candidate against brucellosis. 

In this chapter, the impact of the uptake and immunogenicity of the promising antigen 

Mdh on nanoparticle transport in M cells were examined. B. abortus Mdh was loaded 

in mucoadhesive chitosan nanoparticles (CNs). The in vitro M cell model including co-

culture of Caco-2 cells and Raji B cells was used, and whether CNs-Mdh could pass 

through the M cell and induce an immunosensory response was evaluated in relation to 

the expression of TLR and inflammatory cytokines in human M cells. The study results 

will contribute to the development of not only effective antigens for intracellular 

bacteria, including B. abortus, but also vaccine delivery systems that target M cells.  
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Materials and Methods 

 

Preparation of Mdh  

The Mdh was prepared according to a previously described method (Im et al., 2017). 

Briefly, E. coli strain harboring a recombinant plasmid constructed in a previous study 

(Im et al., 2017) was grown overnight at 37 ° C in LB medium (Duchefa, Netherlands) 

and protein expression was induced by adding isopropyl β-d-1-thiogalactopyranoside 

(IPTG, Amresco, USA) at a final concentration of 0.3 mM. Then, the soluble protein 

fraction was purified using a His SpinTrap (GE Healthcare, UK) column according to 

the manufacturer's instructions after the pellet was sonicated at 10,000 Hz on ice. The 

proteins were constructed with a pCold vector containing a chaperone trigger factor (TF) 

to produce soluble and functional proteins. Therefore, as a vector control, TF was also 

purified using the above method. The endotoxin content of proteins was confirmed with 

a Pierce Chromogenic Endotoxin Quant kit (ThermoFisher, USA). The purity of 

proteins was confirmed using SDS-PAGE and Western blotting as previously described 

(Im et al., 2018b). The concentration of purified proteins was measured by Pierce BCA 

protein assay kit (Pierce, USA) following the manufacturer’s instructions and stored at 

−20 °C until use. 
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Preparation of CNs-Mdh 

To prepare CNs, an ionic gelation method was used according to a previously 

developed method (Gan et al., 2005). Briefly, 0.125 g of water-soluble chitosan 

(Jakwang. Ansung, Korea) was dissolved in 25 ml of distilled water (0.5 w/v%) and 

mixed with 150 l of 8% Tween 80 (Sigma, USA) solution. A total of 250 l of TPP 

(10 w/v%) was dropped into 25 ml of 0.5 wt% chitosan solution through syringe under 

magnetic stirring and sonicated on ice (6 W, 10 min). The CNs were obtained by 

centrifugation for 10 min at 12,000 rpm and freeze-dried. 

To load Mdh and TF into the CNs, one milliliter of protein (3 mg/ml) containing 20 

mg of CNs was kept at 37°C for 24 h in a shaking incubator. The supernatants containing 

free protein were removed by centrifugation (10 min, 8,000 rpm), and antigen-loaded 

CNs were then freeze-dried. After loading antigens, the morphology of the particles was 

assessed using field emission SEM (FESEM, SUPRA 55VP; Carl Zeiss, Germany). The 

samples were placed on a cupper grid and air-dried at RT. Then, the samples were coated 

with platinum prior to examination by FESEM. The particle size was measured by 

dynamic light scattering (DLS) using a zeta potential and particle size analyzer (ELS 

Z-1000; Otsuka Electronics, Japan). The loading efficiency (LE) in the CNs was 

determined by calculating the free protein using a BCA protein assay (Pierce, USA) and 

the following equation: 

LE(%)= 
Total amount of the protein-Free protein

Total amount of the protein
 ×100 
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Generation of the in vitro M cell model 

Caco-2 cells and Raji cells were obtained from the KCLB (Korea Cell Line Bank, 

Seoul, Korea). Caco-2 cells were grown at 37°C in humidified air with 5% CO2 in 

Dulbecco’s Modified Eagle Medium (DMEM: Gibco, USA) with 10% FBS and 

antibiotic–antimycotic supplements. Raji cells were grown at 37°C in humidified air 

with 5% CO2 in RPMI with 10% FBS and antibiotic–antimycotic. Cells were co-

cultured following a previously described protocol with a slight modification (Beloqui 

et al., 2017). Briefly, Caco-2 cells (5 × 105) were grown on Transwell®  (pore size 3.0; 

Costar, Cambridge, MA) inserts in the same medium and cultivated for 14 days. Then, 

Raji cells (5 × 105) were added to the basolateral compartment of inserts. The co-

cultures were maintained for 4 days. The medium of the upper compartment was 

changed every other day. Monocultures of Caco-2 cells, cultivated as above except for 

the presence of Raji cells, were included as controls. Total RNA was extracted from the 

insert using the RNeasy Mini Kit (Qiagen, Germany). 

To observe the morphology of the Caco-2 cells from monocultures and co-cultures, 

they were preserved in buffered glutaraldehyde (2.5%; pH 7.4), followed by serial 

dehydration through a series of increasing ethanol concentrations (30%, 50%, 70%, 90% 

and 100%). Samples were treated with the critical point drying (CPD) method and 

observed using a field-emission scanning electron microscope (FE-SEM, Supra 55VP, 

Carl Zeiss, Germany) after being coated with platinum. 
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Microorganism transport assays 

M cells have specific receptors for the uptake and transport of bacteria, such as 

Salmonella Typhimurium (Beloqui et al., 2017). Therefore, to confirm the functionality 

of the in vitro M cell model by studying the translocation of bacteria in M cell co-

cultures, S. Typhimurium (MOI=100) was added to the apical compartment, on which 

either monocultures or co-cultures existed. After 2 h of infection, supernatants were 

obtained from both monocultures and co-cultures. Then, 25 μL of the supernatant was 

dropped onto LB agar and incubated at 37°C for 18 h after plating. 

 

Mdh and CNs-Mdh stimulation 

The antigen was loaded into CNs as an adjuvant to increase the uptake of antigen. To 

identify whether loaded nanoparticles generate differences in the M cells, Mdh (10 g) 

and the Mdh-loaded CNs (10 g) were added to the apical compartment in the co-

cultures. The purified recombinant proteins were treated with polymyxin B (10 μg/mL) 

for 30 min before stimulation of cells. Supernatants were obtained after 1, 5, 10 and 60 

min for analysis of transported protein and 24 h post stimulation for a cytokine ELISA. 

To compare the transported amount of Mdh, supernatants were purified using a His 

SpinTrap (GE Healthcare, UK) column, and proteins were concentrated using Amicon 

ultracentrifugation tubes (Millipore, Billerica, MA) with a molecular weight cutoff of 



- 41 - 

 

10 kDa. Then, SDS-PAGE was performed according to a previously described method 

(Im et al., 2018b). The supernatant was diluted with sample buffer and boiled for 10 

min. After electrophoresis, samples were visualized by staining with Coomassie 

Brilliant Blue R-250 (Intron, Korea). The concentration of proteins in the supernatant 

was measured using the Pierce BCA Protein Assay Kit (Pierce, USA) following the 

manufacturer’s instructions. Total RNA was extracted from the M cells that had been 

stimulated with antigens using the RNeasy Mini Kit (Qiagen, Germany). 

 

Immunocytochemistry 

A potential marker of M cells, Sialyl Lewis A (CA19-9), was detected in monocultures 

or co-cultures and visualized via confocal fluorescence microscopy. Additionally, 

detection of the his-tagged Mdh protein was performed with anti-his antibodies after 

stimulation for 1, 5, 10 and 60 min to assess the transportation of B. abortus antigen in 

the M cell model. Cells from monocultures or co-cultures were fixed with 4% 

paraformaldehyde for 10 min at RT and then permeabilized in ice-cold 0.5% Triton X-

100 for 10 min at RT. After three washes with 0.1% PBS-T (0.1% Tween 20 in 

phosphate-buffered saline), the samples were blocked with blocking buffer (1% bovine 

serum albumin in 0.1% PBS-T) for 1 h at RT and subsequently incubated with a 1:50 

dilution of CA19-9 (Santa Cruz) and a 1:500 dilution of 6Ⅹ-His Tag Monoclonal 

Antibody (Thermo Scientific) as primary antibody in blocking buffer overnight at 4°C. 

After three washes with 0.1% PBS-T, cells were incubated with a 1:200 dilution of an 
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Alexa 488-conjugated goat anti-mouse IgG2b (Invitrogen, USA) antibody for 1 h at RT. 

Cells were washed in 0.1% PBS-T and mounted using Vectashield mounting medium 

with 4,6-diamidino-2-phenylindole (Vector Laboratory, Burlingame, CA). Images were 

taken with a confocal microscope (Zeiss LSM 800, Germany). 

 

Transcriptomic analysis 

mRNA expression of other potential markers of M cells and the genes of interest in 

the M cells was analyzed by quantitative real-time PCR (qRT-PCR). Briefly, mRNA 

was reverse-transcribed using the Quantitect Nova Reverse Transcription Kit (Qiagen, 

Germany). Real-time PCR was performed with 2 μL of cDNA using the Rotor-Gene 

SYBR Green PCR Kit (Qiagen) and the Rotor-Gene Q Real-Time PCR Cycler (Qiagen). 

Specific primers were synthesized by Macrogen (Seoul, South Korea) and are shown in 

Table 4. The cycling parameters were as follows: 95°C for 5 min for one cycle followed 

by 45 cycles of 95°C for 15 sec and 60°C for 45 sec. The Gapdh gene was used as an 

internal control. Relative expression was calculated using the comparative CT (2−ΔΔCT) 

method. 
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ELISA 

The levels of TNF-α, IL-6, IL-1β and IFN-γ were measured by ELISA according to 

the manufacturer’s instructions (ThermoFisher). The supernatants were diluted 1:10. 

Color development was performed by adding the substrate 3,3′,5,5′-tetramethyl-

benzidine (TMB; Sigma). The absorbance was measured at 450 nm using a VersaMax 

microplate reader (Molecular Devices Corporation, CA, USA). 

 

Statistical analysis 

All results are expressed as the mean ± standard deviation (SD). Differences in immune 

responses were analyzed with one-way analysis of variance (ANOVA) and Tukey’s test 

for post hoc analysis. Differences were considered statistically significant if the p value 

was < 0.05. All experiments were repeated at least 3 times. Statistical analysis was 

performed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, 

USA). CT values that deviated more than 2 times from the arithmetic mean of the other 

measures from repeated measurements were considered outliers and removed from the 

analysis. 
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Table 4. Oligonucleotide sequences of PCR primers used in this study 

Genes Forward Reverse References 

CCL20 GCTGCTTTGATGTCAGTGCT TCAAAGTTGCTTGCTTGCTGCTTC (Lapthorne et al., 2012) 

CD137 GTGCCAGATTTCATCATGGG CAACAGCCCTATTGACTTCC (Yoshimori et al., 2014) 

CD14 GGGACTTGGATTTGGTGGCA GCCCCCCCTTCCTTTCCTTATATCC (Shin et al., 2015) 

CLDN4 GGGGGCAAGTGTACCAACT CACCGGCACTATCACCATAA (Lapthorne et al., 2012) 

IRF4 GAAGCCTTGGCGTTCTCAGAC CGTATGTCCATGGGAGATCCG (Im et al., 2018b) 

IRF7 GGTGGTTATCTGCAGTAGA ATCTGTGTCCAGGGATAG (Li et al., 2013) 

MMP15 ACGGTCGTTTTGTCTTTTTCA GTCAGCGGCTGTGGGTAG (Lapthorne et al., 2012) 

MyD88 CGGATGGTGGTGGTTGTCTC CGCTTCTGATGGGCACCT (Im et al., 2018b) 

TLR1 TCATCCACGTTCCTAAAGACCT GGGACAAATCCAAGTATTCCAA (Im et al., 2018b) 

TLR2 CTCCAATCAGGCTTCTCTGTCT CACCTCTGTAGGTCACTGTTGC (Im et al., 2018b) 

TLR3 CTCAGGTTCAGCTGGAAAATCT TGAAAACACCCTGGAGAAAACT (Im et al., 2018b) 

TLR4 ATTGGCAGGAAGCAACATCTAT TCAATTCATTCTTCACCCACAG (Im et al., 2018b) 

TLR5 GGACTTGACAACCTCCAAGTTC TCGGAGATCCAAGGTCTGTAAT (Im et al., 2018b) 

TLR6 TCACCAGAGGTCCAACCTTACT ATTGTCAATGCTTTCAATGTCG (Im et al., 2018b) 

TLR7 TTGAGAAGCCCTTTCAGAAGTC CACCTGACTATAGGCCACATGA (Im et al., 2018b) 

TLR8 CAGATTTTGAGTTTGACCCACA ACAGGCAATGTCAGGAAGATTT (Im et al., 2018b) 

TLR9 AGTTCTCTCTCCTGGCTGAATG GGACACCCTCTTTTGGTAATTG (Im et al., 2018b) 

TLR10 CTGCTGTCTCCACTTTGATCTG TCAATTCATTCTTCACCCACAG (Im et al., 2018b) 

TRAF6 GATGCAGAGGAATCACTTGGC GGTCTGTCTTACAAGGCGAC (Wu et al., 2016) 

TRIF TCCAAATACCAAGCCGTG TCTGTTCCGATGATGATTCC (Gu et al., 2017) 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA (Aghababaei et al., 2015) 
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Results 

 

Preparation of Mdh and CNs-Mdh 

To produce B. abortus Mdh, fusion proteins were constructed with a pCold vector 

containing a chaperone trigger factor (TF) commonly used to produce soluble and 

functional proteins. As a vector control, TF was also purified. As shown in Fig. 4A, 

the protein sizes of the TF and Mdh were approximately 52 kDa and 85.71 kDa, 

respectively. Western blotting was also performed using an anti-6X His tag antibody 

to confirm these proteins. To enhance the immunogenicity and control the release of 

Mdh, CNs were prepared as adjuvants using the tripolyphosphate (TPP)-based ionic 

gelation method. The morphology of the particles was assessed using field emission 

scanning electron microscopy (SEM) and Fig. 4B shows that the CNs were spherical 

and less than 200 nm in size. After loading antigens, the sizes of the CNs-TF and 

CNs-Mdh measured by dynamic light scattering (DLS) were 217.8±45.2 nm and 

405.0±94 nm, respectively. The LE was 51.45 ± 3.48 % and 78.22 ± 0.75 %, which 

means that 1.54 mg of TF and 2.34 mg of Mdh was loaded per 20 mg of CNs. 
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Figure 4. The confirmation of recombinant B. abortus proteins. SDS-PAGE and 

Western blotting (A). Lane M: Molecular size standard, 1: Control, TF (53 kDa), 2: 

Mdh (92.71 kDa). SEM photographs of prepared CNs (B). 
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Confirmation of the in vitro M cell model 

To further confirm the functional responsiveness of the M cell model, markers of 

M cells were measured by confocal microscopy and qRT-PCR in both the M cell 

model and Caco-2 cell monocultures. The morphology of M cells was observed by 

SEM. As shown by laser confocal microscopy in Fig. 5A, the expression of Sialyl 

Lewis A (green fluorescence) localizes at the surface of some cells from the 

monocultures and co-cultures, with the nucleus stained blue with DAPI. Fig. 5B 

shows the quantification of the average pixel intensity per cell (9 cells), which 

increased over 2-fold in the cells from the co-culture. However, irrespective of 

whether the Caco-2 cells were monocultured or co-cultured, over 30% were positive 

for Sialyl Lewis A. The gene expression of M cell potential markers, CCL20, 

CLDN4, CD137 and MMP15, was also increased in co-cultures compared with that 

seen in monocultures, and the differences were statistically significant except for that 

of CD137 (Fig. 5C). SEM showed that Caco-2 cells formed an epithelial-like 

monolayer with regular microvilli (Fig. 5D). Similar to a previous report (Blanco 

and DiRita, 2006), features of M cells, including fewer, irregular-shaped, shorter 

microvilli, were detected. However, cells showing M cell features in Caco-2 

monolayers not co-cultured with Raji cells were also detected. 
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Figure 5. Confirmation of the differentiated in vitro M cell model. (A) The 

expression of the M cell marker Sialyl Lewis A (green fluorescence) at the surface 

of cells from monocultures or co-cultures, with the nucleus stained blue with DAPI 

as identified using confocal microscopy. (B) The quantification of average pixel 

intensity per cell (9 cells) of Sialyl Lewis A in the cells from monocultures or co-

cultures. (C) The gene expression of potential markers of M cells. (D) SEM images 

of the monocultures and co-cultures. Regular microvilli in monocultures and 

irregular microvilli in co-cultures are indicated by the arrows. Data are reported as 

the mean ± S.E.M. from three independent experiments. *** P <0.001, **P <0.01, 

*P <0.05. 
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Uptake and transport of antigens of M cells 

The M cell model is expected to enable the identification of microorganism 

translocation and contribute to the development of drug and vaccine delivery systems 

that target M cells. To observe the uptake and translocation of antigen by 

differentiated M cells, confocal microscopy images were taken at 1, 5, 10 and 60 min 

after stimulation with Mdh alone or CNs-Mdh in inserts from co-cultures, and 

images taken at 1 and 60 min after stimulation are shown in Fig. 6A and 6B. The 

detection of the His-tagged Mdh protein was performed with anti-His antibodies and 

analysis via confocal fluorescence microscopy. All images showed that the Mdh 

protein was localized in the majority of cells in the first 1 min in both stimulated 

groups. The intensity increased as time passed, but no significant changes in intensity 

were detected on the basis of the time and loading of CNs (data not shown). The 

2.5D confocal image also shows that the fluorescence distribution was layered due 

to the irregular microvilli of M cells (Fig. 6C). 

To investigate the possible responsiveness of M cells to microorganisms, the 

transport ability of M cells was confirmed by analyzing S. typhimurium translocation 

across M cells. The number of translocated S. typhimurium across M cells was 

determined by calculating the number of CFU per milliliter after the bacteria were 

stimulated to move to the apical compartment, on which either monocultures or co-

cultures already existed (Fig. 6D). The results showed that a significantly higher 

number of S. typhimurium were translocated in co-cultures than in monocultures. 



- 50 - 

 

Antigen transport was observed in co-cultures stimulated with Mdh and CNs-Mdh 

(Fig. 6E). Since the supernatant from cell culture included various proteins, the 

supernatant was purified using His-tagged proteins. SDS-PAGE showed that the 

protein concentration gradually increased in a time-dependent manner. The BCA 

assay results also showed that the concentration of transported protein slightly 

increased when antigen was loaded in CNs. 
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Figure 6. The identification of functional responsiveness of in vitro M cells. The 

confocal microscopy images taken at 1 and 60 min after stimulation with (A) Mdh 

alone or (B) CNs-Mdh in M cells. (C) The 2.5D confocal image of M cells. (D) The 

translocation of S. typhimurium across M cells as analyzed by CFU/mL by plating. 

(E) The antigen transport of Mdh in the in vitro M cell model stimulated with Mdh 

or CNs-Mdh. 
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Expression of Toll-like receptors in M cells 

To characterize which TLRs and cytokines were induced by Mdh and CNs-Mdh in 

M cells, mRNA interference screening of TLRs 1–10 in the in vitro M cell model 

was performed, and significant expression of TLR2 and TLR4 was observed (Fig. 

7). The expression of other TLRs was not detectable (data not shown). The 

expression of TLR2- and TLR4-related genes CCL20, CD14, IRF4, IRF7, MyD88, 

TRIF and TRAF6, was examined. The expression of CD14, MyD88 and TRAF6, 

which play important roles in the TLR-MyD88 signaling pathway, was significantly 

increased in the CN-Mdh-stimulated group. In addition, expression of the IRF4 gene, 

which is known to be a transcription factor in lymphocyte differentiation and a 

regulator of TLR signaling, was increased in the groups stimulated with Mdh or CNs-

Mdh compared to the control and CN-stimulated groups. CCL20, a follicle-

associated epithelium-specific gene, was significantly expressed in all the stimulated 

groups compared to that seen in the control. 
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Figure 7. The gene expression of TLR related genes in M cells after stimulation 

with antigens. (A) TLR2, (B) TLR4, (C) CD14, (D) MyD88, (E) TRIF, (F) CCL20, 

(G) TRAF6, (H) IRF4 and (I) IRF7. Data are reported as the mean ± S.E.M. from 

three independent experiments. Statistical analysis was performed by one-way 

analysis of variance (ANOVA) and Tukey’s test for post hoc analysis. *** P <0.001, 

**P <0.01, *P <0.05. 
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Cytokine production 

The levels of four proinflammatory cytokines, TNF-α, IL-1, IL-6 and IFN-, 

were evaluated by ELISA (Fig. 8). The amount of TNF-α after stimulation with Mdh 

and CNs-Mdh was significantly increased. Similarly, an increased amount of IL-6 

was produced in the Mdh- and CN-Mdh-stimulated groups compared to that seen in 

the control, but only the difference seen between the CN-Mdh-stimulated group and 

the control group was statistically significant. The Mdh-stimulated group showed 

increased levels of IFN- compared to the control group, and the CN-stimulated 

group also produced high levels of IFN-. Among the four cytokines, IL-1 showed 

a low level of production, but the CN-Mdh-stimulated group showed a significantly 

increased amount of IL-1β. 
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Figure 8. The production of cytokines in the supernatant from the in vitro M 

cell model after stimulation with antigens as analyzed by ELISA. (A) TNF-α, (B) 

IL-6, (C) IFN-γ and (D) IL-1β. Data are reported as the mean ± S.E.M. from three 

independent experiments. Statistical analysis was performed by one-way analysis of 

variance (ANOVA) and Tukey’s test for post hoc analysis. *** P <0.001, **P <0.01, 

*P <0.05. 
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Discussion 

 

As the mucosal membrane presents the first line of defense against the invasion 

of Brucella spp., the induction of mucosal immunity plays a crucial role in the 

control of disease. To develop the M cell target antigen, B. abortus Mdh were 

selected as a promising antigen since it is showed as important antigen in THP-1 

cells (Im et al., 2018b), BALB/C mice (Im et al., 2017) and elk and cattle (Lowry et 

al., 2010) and has been reported to induce partial protection and immunostimulatory 

effects against some intracellular organisms (Kim et al., 2018; Liu et al., 2016). For 

these reasons, the transportation and immunogenicity of CNs with the Mdh in the M 

cell model were investigated.  

Co-culture of Caco-2 cells and Raji B cells produced cells with M cell features, 

including expression of markers of M cells, disorganized microvilli and translocation 

of microorganisms. Although many studies have examined the differentiation of M 

cells, there is some controversy about the markers involved in differentiated M cells. 

In this study, five potential markers of M cells by ICC (Sialyl Lewis A) and qRT-

PCR (CCL20, CLDN4, CD137 and MMP15) were confirmed after differentiation of 

M cells. Among these, Sialyl Lewis A, CCL20, CLDN4 and MMP15 showed 

significantly higher expression in co-cultured cells than in monocultured cells, while 

CD137 showed higher expression without statistical significance. Moreover, the 

observed higher number of translocated S. typhimurium confirmed the 'sampling' 
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function of the differentiated M cell model. According to SEM imaging, some M cell 

features, including fewer, irregular-shaped, shorter microvilli, were detected in the 

M cell model. As previously reported (Blanco and DiRita, 2006), some 

differentiation seemed to occur in Caco-2 cells that were not co-cultured with Raji 

cells. These results confirmed the functional responsiveness of the differentiated M 

cell model. 

 The preferred particle size for uptake by the M cells is known to be < 1 m (des 

Rieux et al., 2006). In this study, the spherical features of the prepared CNs were 

confirmed by SEM. The DLS results showed that antigen-loaded CNs were larger 

after loading of the antigens. The size of the nanoparticles in the present study was 

< 1m, and it is assumed that CNs-Mdh could be transported to the M cells. The in 

vitro M cell-mediated uptake and transport of Mdh was assessed by detection of anti-

His antibodies or His SpinTrap columns after 1, 5, 10 and 60 min of stimulation with 

Mdh or CNs-Mdh. The uptake of Mdh within M cells did not differ between the non-

CN-loaded group and the CN-loaded group. Meanwhile, a time-dependently 

increase in Mdh was transported to the basal side in the CN-loaded group compared 

to that transported in the non-CN-loaded group. The data show that the uptake 

efficiency of Mdh by M cells was similar in both the Mdh and CNs-Mdh groups, but 

the transport of Mdh by M cells was slightly higher in the CN-loaded group. 

TLRs are important systems that recognize microbial components and trigger 

signaling pathways to promote the expression of genes and regulate innate immune 
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responses (Kawasaki and Kawai, 2014). Several studies reported that TLR2 and 

TLR4 were involved in the recognition of intracellular bacteria, including Brucella. 

TLR2 and TLR4 signaling pathways have been shown to induce a Th1 immune 

response against recombinant B. abortus BCSP31 in vivo and in vitro (Li et al., 2014). 

Additionally, the TLR downstream molecule MyD88 is required for the development 

of IFN-γ-producing T cells and the control of brucellosis (Macedo et al., 2008). TLR 

signaling pathways can be divided into MyD88-dependent pathways that drive the 

induction of inflammatory cytokines and TRIF-dependent pathways that are 

involved in the induction of interferons and inflammatory cytokines (Macedo et al., 

2008). CD14, a 53-kDa glycosylphosphatidylinositol (GPI)-anchored protein, is 

involved in cell activation characterized by induction of TNF-α, IL-1, IL-6 and IL-8 

(Dentener et al., 1993; Schumann et al., 1994). Human intestinal epithelial cells have 

been shown to express and release soluble CD14 and it is considered as important 

molecules in the interaction between the mucosal immune system and bacteria 

(Funda et al., 2001). Previous studies suggest that the induction of the innate 

response during Brucella infection is regulated by a MyD88-dependent TLR 

pathway (Oliveira et al., 2008). Therefore, the composition of B. abortus antigen and 

CNs that can be recognized by TLRs might be beneficial in developing vaccine 

candidate against brucellosis. 

M cells have been shown to have the ability to discriminate between different 

commensal bacteria and modify subsequent immune responses (Lapthorne et al., 

2012). However, whether encapsulated antigens that are taken up by M cells can 
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induce adequate immune responses in relation to TLRs and proinflammatory 

cytokines is not clear. As for M cells, the transport of nanoparticles is considered as 

mediated by many mechanisms of endocytosis. Several studies suggested that 

caveolin-1 (Lim et al., 2009) and clathrin (Green and Brown, 2006) play a crucial 

role in the entry of nanoparticles into M cells. Some other study suggest that 

nanoparticle endocytosis of M cells is most likely micropinocytosis (Kyd and Cripps, 

2008). For some nanoparticles, TLR-mediated stimulation has been also shown in 

several studies (Chang et al., 2013; Chen et al., 2013; Ho et al., 2013; Lucarelli et 

al., 2004). Previous literature in this field remain controversial but some suggest that 

(ⅰ) the larger size of nanoparticles may directly associate with TLRs (Chen et al., 

2013), (ⅱ) the nanoparticle may act as binding protein molecule due to its size and 

then the complex activates further TLRs signaling pathways (Luo et al., 2015). 

Physicochemical properties of nanoparticles including size, shape, surface potential 

and hydrophobic/ hydrophilic balance, may exert their effects on the mechanism 

selection of nanoparticles uptake of M cells.  

In the CN stimulation group, TLR2 and TLR4 expression increased, but the 

expression of downstream genes was not statistically significant. The transport of 

prepared CNs may mediated by many mechanisms including endocytosis and TLRs. 

In the CNs-Mdh group, the expression levels of TLR2 and proinflammatory 

cytokines (TNF-α, IL-1β and IL-6) were markedly upregulated. By loading antigen 

into the CNs, consequent induction of inflammatory response is activated via TLR. 

CD14, MyD88 and TRAF6 play signal transduction roles in the TLR-MyD88 
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signaling pathway (Flo et al., 2002; Kawasaki and Kawai, 2014). The IRF4 gene is 

a transcription factor in lymphocyte differentiation and a regulator of TLR signaling 

(Honda and Taniguchi, 2006). The increased expression of MyD88, TRAF6, IRF4 

and CD14 suggests that MyD88-dependent TLR2 signaling is activated by 

stimulation with CNs and CNs-Mdh.  

 Proinflammatory cytokines such as TNF-α, IL-1β, IL-6 and IFN-γ have regulatory 

effects that participate in the host defense and in inflammation and are used as an 

index for evaluating innate immunity, such as the Th1 and Th2 immune responses 

(Gupta et al., 2012). TNF-α and IFN-γ induce a Th1 immune response. IL-6 plays 

role in B cell proliferation and Th2 differentiation (Diehl and Rincón, 2002; Hop et 

al., 2015). The production of IL-6 by B cells are shown to promote inflammation 

through the generation of antibodies and pathogenic T cells (Samoilova et al., 1998). 

IL-1β is a pro-inflammatory cytokine that regulates multiple aspects of immune 

and inflammatory responses. It has been recently indicated as a key cytokine for 

the differentiation of Th2 cells in mice (Caucheteux et al., 2016). In addition, purified 

chitosan is shown to stimulate to release the IL-1β in murine macrophages as 

inflammatory response (Bueter et al., 2011). In the mucosal immune system, Th2 

cells regulate allergic responses and antibody production, including production of 

IgA, whereas Th1 cells produce high levels of IFN-γ and induce delayed-type 

hypersensitivity reactions and macrophage activation (Neurath et al., 2002). In the 

present study, M cells and B cells showed significantly enhanced production of TNF-

α, IL-1β and IL-6 in the CNs-Mdh group. The Mdh-stimulated group showed 
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statistically significant production of TNF-α and IFN-γ, but the production of IL-1β 

and IL-6 was not significantly different. The production levels of TNF-α and IFN-γ 

were higher than those of the other cytokines (IL-1β and IL-6) in M cells. CCL20, 

the index gene for lymph epithelial cross-talk (Williams, 2006), was significantly 

expressed in all stimulated groups compared to its expression in the control. The data 

showed that in vitro M cells activated by exposure to antigens induced pro-

inflammatory response to B. abortus Mdh itself and enhanced the production of IL-

6 and IL-1 when exposed to CNs loaded with Mdh. Additionally, human intestinal 

epithelial cells are known to induce a weak inflammatory response against not only 

antigen but also invasion of Brucella (Ferrero et al., 2012). In this study, there were 

three kinds of control groups, PBS-, CN- and CN-TF-stimulated groups, but 

statistical analysis showed that a few controls were significantly different from the 

CN-Mdh-stimulated group. It is assumed that these differences were due to the weak 

inflammatory response of epithelial cells as well as M cells. 

Collectively, loaded CNs induced enhanced transport of the B. abortus candidate 

antigen, Mdh, in M cells. In addition, transported CNs-Mdh induced significantly 

higher production of TNF-α, IL-1β and IL-6 through MyD88-dependent TLR2 

signaling in M cells (Fig. 9). These results suggest that loading Mdh into CNs could 

be useful delivery system since Mdh and CNs may function synergistically to 

enhance the antigen delivery and pro-inflammatory responses triggered by the 

MyD88-dependent TLR2 signaling pathway in M cells.  
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Figure 9. A schematic diagram of the suggested mechanisms of the immune 

response induced by CNs-Mdh. Based on the results, immune responses in the co-

culture model seem to be induced with CNs-Mdh in two ways: transport of antigen 

(left red arrow) and immunosensory response (right orange arrow). The loaded 

antigen, Mdh, was delivered to the basolateral compartment across the membrane 

through the junctions. The stimulation of CNs-Mdh induced gene expression of 

TLR2 and downstream genes, including MyD88, TRAF6, IRF4 and CD14. The pro-

inflammatory cytokines IL-6 and IL-1were significantly produced in the CN-Mdh-

stimulated group. These results suggest that CNs-Mdh induced pro-inflammatory 

response through the MyD88-dependent TLR2 signaling pathway in M cells as well 

as direct stimulation of B cells.  
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Chapter Ⅱ 

 

Induction of systemic immunity through nasal-

associated lymphoid tissue (NALT) of mice 

intranasally immunized with Brucella abortus 

malate dehydrogenase-loaded chitosan 

nanoparticles 
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Abstract 

 

Infection with Brucella abortus causes contagious zoonosis, brucellosis, and leads 

to abortion in animals and chronic illness in humans. Previously, B. abortus Mdh 

were loaded in CNs, and they are shown as an M cell-targeted antigen delivery 

system. In this study, transcriptomic analysis of nasal-associated lymphoid tissue 

(NALT) was performed to identify the mechanism by which Mdh affect the target 

site of nasal immunization and induction of mucosal immunity was investigated. 

Intranasal immunization of CNs-Mdh reduced cell viability of epithelial cells and 

muscle cells at first 1h, then induced cellular movement of immune cells such as 

granulocytes, neutrophils and lymphocytes at 6h, and activated IL-6 signaling 

pathway at 12h. These activations of immune cells also promoted signaling pathway 

for high-mobility group box 1 protein (HMGB1), followed by the maturation of DCs 

required for mucosal immunity. The CNs also triggered the response to other 

organism and inflammatory response, showing it is immune-enhancing adjuvant. 

The ELISA showed that significant production of specific IgA was detected in the 

fecal excretions and genital secretions from the CNs-Mdh-immunized group after 2 

weeks. These results suggest that B. abortus Mdh-loaded CNs triggers activation of 

HMGB1, IL-6 and DCs maturation signaling within NALT and induce production of 

systemic IgG and IgA.  
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Introduction 

 

Brucellosis is a highly contagious zoonotic disease caused by the genus Brucella, 

which is a group of gram-negative and facultative intracellular bacteria (Gwida et al., 

2010). At present, live attenuated strains of Brucella abortus, such as Rev. 1, S19 

and RB51, have been widely used for bovine brucellosis vaccine (Carvalho et al., 

2016). However, these vaccines have some drawbacks, including antibiotic 

resistance, interference with diagnosis, abortion in pregnant animals and 

pathogenicity in humans (Carvalho et al., 2016). Over the years, many efforts have 

been made to find safe and effective antigens including recombinant protein 

(Carvalho et al., 2016; Gwida et al., 2010). 

Recent studies have reported that Mdh, a key enzyme in the tricarboxylic acid 

(TCA) cycle, is an important antigen in B. abortus infection of elk and cattle (Lowry 

et al., 2010), and vaccination with Mdh promotes clearance of B. abortus infection 

in a mice model (Lowry et al., 2011). Additionally, Mdh was shown to be the most 

effective candidate for inducing pro-inflammatory immune responses in human 

leukemic monocyte cells (THP-1 cells) that were stimulated by several B. abortus 

recombinant proteins (Im et al., 2018b). Similar to many pathogens, Brucella 

infections are usually transmitted through the mucosal membrane via oral or aerosol 

exposure (Carvalho et al., 2016; Golding et al., 2001). Therefore, the induction of 

mucosal immunity is important to build a primary barrier and prevent brucellosis. 
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The induction of mucosal immunity in local site is able to stimulate both humoral 

and cell-mediated responses in mucosal and systemic sites (Lamichhane et al., 2014). 

To provoke mucosal immunity, an effective adjuvant and route of administration 

must be considered since the recombinant protein tends to be less immunogenic than 

the whole cell vaccine (Li et al., 2016; Pasquevich et al., 2010). Among the many 

adjuvants, chitosan nanoparticles (CNs) which are biocompatible and nontoxic have 

been shown to effective delivery vesicles to induce mucosal immunity (Gan et al., 

2005). The chitosan, a natural linear polyaminosaccharide, is obtained by alkaline 

deacetylation of chitin and its positive charge by abundant amino groups reacts with 

negatively charged mucosal surfaces, as a useful polymer for mucosal delivery (Gan 

et al., 2005; Singh et al., 2018).  

The inductive site of the mucosal immune response against inhaled antigen is 

known as the NALT in the upper respiratory tract (URT) (Kim et al., 2011). The 

NALT is often compared to Waldeyer's ring of humans and has been considered as 

functionally equivalent to Peyer’s patches in the gut (Kiyono and Fukuyama, 2004). 

M cells are found in NALT that act as gateways to the mucosal lymphoid tissues and 

play an important role in the initiation of immune responses (Kim et al., 2011). 

NALT also contains immunocompetent cell that play key roles in the defense against 

pathogens in upper respiratory tract and can induce various T helper cell subsets, 

including Th1, Th2 and Th17, in NALT (Kiyono and Fukuyama, 2004; Lamichhane 

et al., 2014). However, a transcriptomic regulation of nasal mucosa, the target site of 
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nasal immunization, by intranasal immunization still remain unknown. In addition, 

it is not clear what characteristics of antigen can induce systemic immunity since 

systemic mucosal and humoral response is not always induced through mucosal 

immunization. Therefore, understanding of immune response in the NALT and 

following production of systemic antibody is crucial to facilitate the development of 

nasal vaccines. 

Previously, Mdh were loaded into the CNs and showed that CNs-Mdh is a 

promising M cell-targeted antigen delivery system (Shim et al., 2020a). It is assumed 

that appropriate activation of immune response of nasal cavity by M cell target CNs-

Mdh will be induced prior to systemic mucosal immunity. Therefore, in the present 

study, the transcriptional responses of NALT were analyzed to identify the 

mechanism by which Mdh affect the target site of nasal immunization. The 

transcriptomic regulation within NALT was evaluated by identifying differentially 

expressed genes (DEGs) of NALT from mice intranasally immunized with CNs-Mdh. 

In addition to the transcriptomic analysis, induction of mucosal and systemic 

humoral immunity was investigated after 2 weeks-post immunization. The study will 

be beneficial for further understanding of the immune responses against Mdh, 

initiative biological process of NALT following intranasal immunization and the 

rational design of vaccination strategies. 
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Materials and Methods 

 

Preparation of B. abortus Mdh and Mdh-loaded CNs 

The Mdh and CNs-Mdh were prepared in a previous study (Shim et al., 2020a). 

Briefly, an E. coli strain harboring a recombinant plasmid constructed in a previous 

study was grown overnight at 37°C in LB medium (Duchefa), and protein expression 

was induced by adding IPTG (Amresco) at a final concentration of 0.3 mM. Then, 

the soluble protein fraction was purified using a His SpinTrap (GE Healthcare) 

column after the pellet was sonicated at 10,000 Hz on ice. As a vector control, TF 

was also purified using the above method. To prepare CNs, an ionic gelation method 

was used with TPP. To load antigen and TF into the CNs, one milliliter of protein (3 

mg/mL) containing 20 mg of CNs was kept at 37°C for 24 h in a shaking incubator.  

 

Ethics statement of animal experiment 

The 6-week-old BALB/c female mice were purchased from Orient Bio (Orient Bio 

Inc., Seongnam, Korea). The study procedures were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) at Seoul National University 

(IACUC approval number: SNU-180403-7) according to the principles established 

by the Animal Protection Act and the Laboratory Animal Act in Republic of Korea. 

All animal surgeries were performed with highly minimized pain and suffering. 
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Nasal immunization and isolation of NALT 

Each mouse was immunized by nasal route with 30 g of purified TF and B. abortus 

Mdh with CNs in 20 l of PBS, CNs alone or PBS. After 1 h, 6 h, and 12 h of 

immunization, NALT was obtained from the immunized mice (n=3) as described 

previously (Asanuma et al., 1997). Briefly, mice were sacrificed by ether asphyxia 

and the lower jaws were removed. Then, the palates were cut and removed. The 

paired NALT structures from each side of the septum were gently removed with fine 

dissection forceps.  

 

RNA-seq analysis 

Samples of NALT from CNs-Mdh immunized mice at 1 h, 6 h, and 12 h were 

chosen for RNA-sequencing analysis. As controls, in parallel time series, samples 

from the PBS-, CNs-, CNs-TF-immunized groups were also prepared. Total RNA 

was then extracted from the tissue using a RNeasy Mini kit (Qiagen). Subsequent 

RNA preparation steps were carried out at the TheragenEtex Bio Institute (Seoul, 

Korea). The purity and integrity of RNA were determined by denaturing gel 

electrophoresis, OD260/OD280 ratio, and analysis with an Agilent 2100 Bioanalyzer 

(Agilent Technologies, CA, USA). The samples were then used to generate 

sequencing libraries with a TruSeq Stranded mRNA Sample Preparation Kit 
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(Illumina, CA, USA) and sequenced on an Illumina HiSeq 2500 sequencer following 

the manufacturer’s instructions. Low-quality reads were filtered, and the reads were 

mapped to the reference genome related to the species using the TopHat aligner 

(Trapnell et al., 2009). The gene expression level was measured with Cufflinks 

v2.1.1 (Trapnell et al., 2010) using the gene annotation database of the species. To 

improve the accuracy of the measurement, multi-read-correction and frag-bias-

correction options were applied. All other options were set to default values. 

 

Transcriptomic data analysis 

The RNA-seq gene lists of DEGs obtained at each time point and differences were 

considered significant if p ≤ 0.05 and a fold-change > |2| were obtained. The fold 

change of "± inf" (infinity) means that expression was only detected in one 

immunized group and it was considered significant if p ≤ 0.05. Gene-enrichment and 

functional annotation analysis for significant probes was performed using Gene 

Ontology (http://geneontology.org) and PANTHER (http://pantherdb.org/about.jsp). 

Additionally, the canonical pathways and functional analyses of the DEGs were 

generated by IPA (QIAGEN Inc., https://www.qiagenbioinformatics. 

com/products/ingenuity-pathway-analysis) (Trapnell et al., 2010). All datasets used 

in the RNA-seq transcriptomic analysis are available at Gene Expression Omnibus 
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(GEO) (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE125765 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125765). 

 

Quantitative PCR analysis 

To verify the RNA-seq analysis data, six genes (Il1rn, Batf, Tlr4, Il6, Il23a and Tnf) 

were subjected to qRT-PCR. Briefly, mRNA was reverse-transcribed using a 

Quantitect Nova Reverse Transcription Kit (Qiagen). qPCR was performed with 2 

μl of cDNA using the Rotor-Gene SYBR Green PCR Kit and Rotor-Gene Q real-

time PCR cycler (Qiagen). The cycling parameters were as follows: 95°C for 5 min 

for one cycle followed by 45 cycles of 95°C for 15 sec and 60°C for 45 sec. The 

Gapdh gene was used as an internal control. The primers used are listed in Table 5. 

Relative expression was calculated using the comparative CT (2−ΔΔCT) method. The 

Pearson correlation coefficient was calculated in Microsoft Excel. 

 

Sampling  

At 2 wpi, serum samples, nasal washes, genital secretions and fecal excretions were 

obtained from the mice (n=5). Briefly, blood samples were collected from the heart 

and centrifuged for sera preparation (1000 × g, 10 min at 4 °C). The nasal washes 

were collected by injection of 300 μl PBS through the trachea towards the nose and 
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centrifugation (1,000 × g, 10 min at 4 °C). For genital secretion samples, the genitals 

were harvested and chopped in 1 ml of PBS, and the supernatants were collected by 

centrifugation (16,000 × g, 5 min at 4 °C). The fecal samples were weighed, 

dissolved in PBS (1 w/v%), and centrifuged (16,000 × g, 5 min at 4 °C). All of the 

PBS used for sample collection included a protease inhibitor cocktail (Sigma) and 

the samples were stored at − 70 °C until use.  

 

Detection of IgG, IgG1, IgG2a, and IgA titers 

To measure the IgG, IgG1, IgG2a, and IgA titers, an indirect ELISA was performed 

using obtained samples. For TF-untagged antigen preparation, the recombinant 

proteins were cleaved with HRV 3C protease (TaKaRa Bio, JAPAN) at 4°C for 16 h. 

After SDS-PAGE, the pure proteins without TF, HRV 3C protease, and noncleaved 

proteins were acquired using a Gel Extraction Kit (Koma Biotech Inc, Seoul, Korea). 

96-well microplates were coated by incubating purified recombinant proteins (10 

ng/well) in a coating buffer (14.2 mM sodium carbonate, 34.9 mM sodium 

bicarbonate, and 3.1 mM sodium azide, pH 9.6) overnight at 4°C for an ELISA. The 

plates were blocked with 1% bovine serum albumin (BSA; bioWORLD, OH, USA) 

in a solution of PBS containing 0.05% Tween 20 (PBST) for 2 h at 37°C. The sera 

were diluted 1:4000 to detect specific IgG, IgG1 and IgG2a and IgA. For specific 

IgA detection from wash samples, the nasal wash samples were diluted 1:80, the 

genital secretions were diluted 1:800, and the fecal excretions were diluted 1:25. 
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After washing with PBST, diluted serum samples were added to the wells and 

incubated for 2 h at RT. Horseradish peroxidase (HRP)-conjugated goat anti-mouse 

IgG (Bio-Rad Laboratories, USA), IgG1 (Southern Biotechnology, USA), IgG2a 

(Southern Biotechnology, USA), and IgA (BioFX Laboratories, USA) diluted in PBS 

containing 1% BSA were used to detect IgG, IgG1, IgG2a, and IgA, respectively. 

Total IgA titers in the serum samples, nasal washes, genital secretions and fecal 

excretions were measured using a Mouse IgA ELISA Ready-SET-Go! Kit 

(eBioscience, San Diego, CA) according to the manufacturer’s instructions. The 

nasal wash samples were diluted 1:80, the genital secretions were diluted 1:800, the 

fecal excretions were diluted 1:25, and the sera were diluted 1:4000. Color 

development was performed by adding the TMB (Sigma). The absorbance was 

measured at 450 nm using a VersaMax microplate reader (Molecular Devices 

Corporation, CA, USA). 

 

Statistical analysis 

All results are expressed as the mean ± SD. Differences were considered 

statistically significant at a p-value < 0.05. Differences in titer of IgA were analyzed 

with one-way ANOVA and Tukey’s test for post-hoc analysis. All experiments were 

repeated at least 3 times. Statistical analyses were performed by GraphPad Prism 5 

software (GraphPad Software, Inc.).  
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Table 5. Oligonucleotide sequences of primers used in this study 

Genes Forward Reverse References 

Batf CCAGAAGAGCCGACAGAGAC GAGCTGCGTTCTGTTTCTCC 
(Akitsu et 
al., 2015) 

Il1rn ACCTTCCCACAGCGGCTCCACATT TTGTCAAGAAGCAGAGGTTTACAG 
(Akitsu et 

al., 2015) 

Il23a CTGCTTGCAAAGGATCCACC TTGAAGCGGAGAAGGAGACG 
(Sato et al., 

2006) 

Il6 CTCTGCAAGAGACTTCCA AGTCTCCTCTCCGGACTT In this study 

Tlr4 GTGCCAATTTCATGGGTCT CATCGAAGTCAATTTTGGTGTT In this study 

Tnf CAACGCCCTCCTGGCCAACG TCGGGGCAGCCTTGTCCCTT 
(Das et al., 

2013) 

Gapdh CCCCAGCAAGGACACTGAGCAAG TGGGGGTCTGGGATGGAAATTGTG 
(Cha et al., 

2013) 
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Results 

 

Differentially expressed genes 

 To observe the immune responses induced by antigen and adjuvant, the 

transcriptome data of the NALT taken 1, 6, and 12 h post-immunization (hpi) with 

CNs-Mdh were compared to three controls, PBS-, CNs- and TF-immunized group 

(Fig. 10A). The DEGs were obtained at each time point and the criteria of p ≤ 0.05 

and a fold-change > |2| were chosen to determine significantly up-regulated or down-

regulated genes following immunization. Genes commonly regulated between CNs 

vs PBS (control), CNs-Mdh vs PBS (control) and CNs-TF vs PBS (control) were 

used to evaluate the effect of CNs. Next, the effect of Mdh was evaluated using CNs-

Mdh vs CNs (control) and CNs-TF vs CNs DEGs. Finally, CNs-Mdh vs CNs-TF 

(control) DEGs were used to identify the effect of Mdh compared to the vector 

control. The number of DEGs according to time is shown in Fig. 10B
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Figure 10. The preparation of transcriptomic data. experimental design for the analysis of transcriptomic profiling (A). The 

number of DEGs in each compared subset (B). The differentially expressed genes (DEGs) were obtained at each time point and 

the criteria of p ≤ 0.05 and a fold-change > |2| were chosen to determine significantly up-regulated or down-regulated genes 

following immunization.
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The effect of CNs 

DEGs in the CNs vs PBS, CNs-Mdh vs PBS and CNs-TF vs PBS set are shown in 

Venn diagram (Fig. 11A). The number of commonly up-regulated genes was 8 (1 h), 

161 (6 h) and 17 (12 h). The number of commonly down-regulated genes was 6 (1 

h), 10 (6 h) and 6 (12 h), respectively. Gene ontology (GO) enrichment analysis was 

carried out by PANTHER bioinformatics tools, using these genes. The top 10 GO 

terms are summarized in Fig. 11B. Significantly matched terms in the 1 h data were 

not detected, showing that GO between CNs- and CNs-Mdh immunized group at 1 

hpi were not significantly different. All of the top 10 terms from the 6 hpi and 12 hpi 

samples were up-regulated terms due to the low enrichment of the down-regulated 

terms. The results showed that response to other organism became active 

(GO:0009605; GO:0009607; GO:0043207; GO:0051707) and control of immune 

response including defense (GO:0006952), response to cytokine (GO:0071345; 

GO:0034097) and inflammatory response (GO:0006954; GO:0002376; 

GO:0002682) was matched significantly at 6 hpi. The expression patterns of these 

genes suggest that antigen recognition progressed from 1 hpi to 6 hpi after 

administration using CNs. At 12 hpi, the expression levels of genes for migration of 

neutrophil, granulocyte and leukocyte were matched significantly. In addition, 

activation of immune response such as complement activation, fever generation and 

cytokine production were observed at 12 hpi. 
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Figure 11. Genes and functions that commonly regulated between CNs vs PBS, 

CNs-TF vs PBS and CNs-Mdh vs PBS. Venn diagram of DEGs from only the CNs-, 

CNs-TF and CN-Mdh-immunized groups compared to the PBS-immunized group 

(A). Gene Ontology enrichment analysis using commonly regulated genes from only 

the CNs-, CNs-TF and CN-Mdh-immunized groups (B).  
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The immunogenicity of Mdh  

To identify the immunogenicity of Mdh, DEGs in the CNs-Mdh vs CNs and CNs-

TF vs CNs set are compared, and Venn diagram was shown in Fig. 12A. The number 

of commonly up-regulated genes was 16 (1 h), 69 (6 h) and 17 (12 h), respectively. 

The number of commonly down-regulated genes was 20 (1 h), 39 (6 h) and 37 (12 

h), respectively. The GO terms analysed by GO enrichment analysis using these 

genes were shown in Fig. 12B. The results showed that development associated with 

tissue, odontogenesis and epithelial cells was matched, but it showed low fold 

enrichment. Then, at 12 hpi, response to other organism (GO:0009607; GO:0006950; 

GO:0009605; GO:0043207) and defense response which were similarly observed at 

GO analysis of common DEGs at 6 hpi from subset CNs vs PBS, CNs-Mdh vs PBS 

and CNs-TF vs PBS were matched significantly at 12 hpi. 

As compared to CNs-TF- and CNs-immunized group, the number of up-regulated 

genes in only from CNs-Mdh-immunized group was 59 (1 h), 229 (6 h) and 214 (12 

h), respectively. The number of down-regulated genes was 51 (1 h), 139 (6 h) and 

128 (12 h), respectively. To determine the specific and major ‘Diseases and function’ 

affected by CNs-Mdh, the functional annotation of the DEGs using these genes 

according to the p-value and Z-score (a score of the predicted direction of the 

pathway) was conducted and top 10 functions were summarized in the Table 6. It 

showed that genes associated with inflammation of the organs and body cavity were 

up-regulated at 1 hpi while genes associated with “cell viability” including cell cycle 
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progression, neurons, epithelial cells, and muscle cells were down-regulated. Genes 

related in “differentiation and development of connective tissue cells” were also 

down-regulated, showing that inflammation responses were induced more than CNs- 

and CNs-TF-immunized group. Then, at 6 hpi, the functions of “Cell movement”, 

“Homing of cells”, and “T cell migration” were up-regulated. The function of “Cell 

viability” was up-regulated at 6 hpi while it was down-regulated at 1 hpi. In addition 

to the inflammatory response shown at 6 hpi, active movements of leukocytes, 

phagocytes, granulocytes were observed at 12 hpi, indicating that the inflammatory 

response was induced. 
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Figure 12. Genes and functions that commonly regulated between CNs-Mdh vs 

CNs and CNs-TF vs CNs. (A) Venn diagram of DEGs from only the CN-Mdh- and 

CN-TF-immunized groups compared to the CNs-immunized group. (B) Gene 

Ontology enrichment analysis using commonly regulated genes from only the CN-

Mdh and CN-TF-immunized groups. 
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Table 6. The functional annotation of DEGs from CNs-Mdh vs CNs and vs CNs-TF 

  Diseases or Functions Annotation p-value Activation 

State 

Activation 

z-score 

1h 

Inflammation of body cavity 0.000267 Increased 2.64 

Inflammation of organ 5.22E-05 Increased 2.333 

Organismal death 0.000603 Increased 2.012 

Cell viability of neurons 0.0000419 Decreased -2.569 

Cell viability 0.000218 Decreased -2.925 

Cell cycle progression 0.00165 Decreased -2.352 

Differentiation of connective tissue 

cells 
5.95E-05 Decreased -2.329 

Development of connective tissue 

cells 
1.77E-07 Decreased -2.27 

Proliferation of epithelial cell lines 0.000209 Decreased -2.415 

Migration of smooth muscle cells 7.71E-05 Decreased -2.198 

6h 

Cell movement 1.09E-19 Increased 4.968 

Homing of cells 1.27E-21 Increased 4.57 

Leukocyte migration 5.14E-22 Increased 4.567 

Migration of cells 3.05E-19 Increased 4.439 

Recruitment of phagocytes 2.83E-18 Increased 4.278 

Chemotaxis 1.08E-19 Increased 4.19 

Recruitment of leukocytes 9.08E-19 Increased 4.071 

Cell movement of mononuclear 

leukocytes 
8.70E-10 Increased 4.045 

T cell migration 3.11E-07 Increased 3.999 

Cell viability 2.38E-10 Increased 3.982 

12h 

Leukocyte migration 7.51E-46 Increased 6.18 

Cell movement of leukocytes 9.91E-41 Increased 5.94 

Cell movement of phagocytes 9.91E-39 Increased 5.748 

Homing of leukocytes 1.47E-32 Increased 5.744 

Chemotaxis of leukocytes 3.50E-31 Increased 5.498 

Cell movement of mononuclear 

leukocytes 
1.17E-19 Increased 5.183 

Cell movement of granulocytes 4.51E-42 Increased 5.151 

Inflammatory response 3.86E-47 Increased 5.134 

Adhesion of immune cells 1.21E-33 Increased 5.097 

Chemotaxis of phagocytes 6.16E-30 Increased 5.08 
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The activated signaling pathways 

The canonical pathway analysis of DEG subsets from CNs-Mdh vs CNs-TF was 

performed using IPA software. The top 20 pathways according to the p-value and Z-

score (a score of the predicted direction of the pathway) are included in Fig 13. These 

pathways had a high level of statistical significance; the -log p was higher than 5.0 

(Fig. 13A) and the Z score (Fig. 13B) was higher than 2.0 at the 12 hpi. Signaling 

pathway analysis revealed that “Dendritic cell maturation”, “High mobility group 

box 1 (HMGB1) Signaling”, “Interleukin (IL)-6 Signaling”, “Acute phase 

Signaling”, “Triggering receptor expressed on myeloid cells 1 (TREM1) Signaling”, 

“Production of Nitric Oxide and Reactive Oxygen Species in Macrophages”, “p38 

MAPK Signaling”, “NF-κB Signaling” and “Toll-like Receptor Signaling” pathways 

were predicted to be activated significantly (both p value and Z score). Among them, 

“HMGB1 Signaling” and “IL-6 Signaling” pathways represent overall structure of 

these key signaling pathways (Fig. 14). As shown in Fig. 14A, activation of TLR 

signaling (by TLR4) and inflammatory cells (by IL-1, TNF-α and IFN-γ) activated 

the NF-κB and MAPK pathways in the HMGB1 pathway. Innate cell activation by 

HMGB1 that induces pro-inflammatory cytokines including TNF-α, IL-1α, IL-1β, 

IL-6 and IL-8 plays a role in mediating DCs maturation and activation. As a pro-

inflammatory cytokine, IL-6 signaling pathway was predicted to be significantly 

activated through the increased expression of Il1b, Il6, NF-kB, NF-IL6, Stat3 and 

SOCS3 (Fig. 14B).  
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Figure 13. Pathway and functional analyses were performed using the DEG subset from CNs-Mdh vs CNs-TF. The top 20 

canonical pathways as per P-value (A) and Z score (B).  

 



- 85 - 

 

 

Figure 14A. Canonical Pathways analyzed using the DEG subset from CNs-

Mdh vs CNs-TF. The significant canonical pathways of ““HMGB1 Signaling” (A) 

and “IL-6 Signaling” pathways (B) represent overall structure of these key signaling 

pathways by intranasal immunization of CNs-Mdh. The red nodes indicate genes 

significantly up-regulated, and the orange nodes indicate genes predicted to be 

activated. The intensity of color corresponds to an increase in fold change levels.  

A 
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Figure 14B. Canonical Pathways analyzed using the DEG subset from CNs-

Mdh vs CNs-TF. The significant canonical pathways of ““HMGB1 Signaling” (A) 

and “IL-6 Signaling” pathways (B) represent overall structure of these key signaling 

pathways by intranasal immunization of CNs-Mdh. The red nodes indicate genes 

significantly up-regulated, and the orange nodes indicate genes predicted to be 

activated. The intensity of color corresponds to an increase in fold change levels. 

B 



- 87 - 

 

Gene networks and production of humoral immune responses 

To predict activation of mucosal immune response and induction of IgA (Bemark 

et al., 2012; Brandtzaeg, 2013; Mora and von Andrian, 2008; Takaki et al., 2018) 

following intranasal immunization of CNs-Mdh, significant gene networks were 

analyzed (Fig. 15). The color of each node indicates its Fc value. According to the 

gene network analysis, genes related in activation of lymphocytes, chemotaxis and 

cell movement of DCs were actively expressed and expression of Il1a, Il1b, Tnf, Vip 

and Csf2rb connected these networks (12 hpi). Additionally, genes involved in 

synthesis of retinoic acid (Aldh1a3), modulators for T cell and DC function (Csf, 

Csf1, and Csf3), generation of IgA-ASCs and IgA (Tgfb1, Tgfbi, and Cd40) were 

expressed concomitantly. 
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Figure 15A. Gene networks involved in DCs maturation and mucosal ASCs in NALT. According to bioinformatics analysis, 

networks for DCs antigen presentation was induced by activation of lymphocytes (A) and genes related with mucosal ASCs (B) 

were also highly expressed. The gene networks analyses were generated by IPA.  
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Figure 15B. Gene networks involved in DCs maturation and mucosal ASCs in NALT. According to bioinformatics analysis, 

networks for DCs antigen presentation was induced by activation of lymphocytes (A) and genes related with mucosal ASCs (B) 

were also highly expressed. The gene networks analyses were generated through the use of IPA. 
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To confirm the production of IgA, specific IgA and total IgA were detected in sera, 

nasal wash, fecal excretions and genital secretions after 2 wpi. In addition, specific 

IgG levels were measured for sera. For specific IgA (Fig. 16A), significant 

production of IgA was detected in the fecal excretions and genital secretions from 

the CNs-Mdh-immunized group compared to CNs-TF-immunized group. However, 

no significant differences were observed in the nasal wash and serum IgA levels 

between the CNs-TF and CNs-Mdh-immunized groups. In addition to specific IgA, 

the CNs-Mdh elicited a significantly higher titer of specific IgG than CNs-TF-

immunized group which served as the vector control (Fig. 16B). The main subtype 

produced after immunization was IgG1, while the titer of IgG2a was not significantly 

enhanced following immunization. For total IgA (Fig. 16C), titers of IgA in genital 

secretions and fecal excretions were significantly increased in CNs-Mdh-immunized 

group compared to those following the CNs-TF-immunization. In the nasal washes, 

a significantly high titer of IgA in the CNs-Mdh-immunized group was measured, 

compared to the PBS- and CNs-immunized groups. However, there were no 

significant differences in sera. 
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Figure 16. Antibody measurements at 2 weeks after primary intranasal immunization. (A) Specific IgA antibodies in sera, 

nasal wash, fecal extract, and genital secretions. Significant production of IgA was detected in the fecal excretions and genital 

secretions from the CNs-Mdh-immunized group compared to CNs-TF-immunized group. (B) Specific IgG antibodies at 2 wpi. 

The CNs-Mdh elicited a significantly higher titer of specific IgG than that of the CNs-TF-immunized group which served as the 
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vector control. The main subtype produced after immunization was IgG1, while the titer of IgG2a was not significantly enhanced 

following immunization. (C) Total IgA antibodies in sera, nasal wash, fecal extract, and genital secretions. Titers of IgA in genital 

secretions and fecal excretions were significantly increased in CNs-Mdh-immunized group compared with those following the 

CNs-TF-immunization. In the nasal washes, a high titer of IgA in the CNs-Mdh-immunized group was measured, indicating 

significance compared to the PBS- and CNs-immunized groups. However, there were no significant differences in sera. Groups 

were statistically compared using one-way ANOVA with Tukey’s post hoc multiple comparison test. The results for specific 

antibodies are expressed as the sample to negative control (PBS) ratio (S/N ratio) (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

< 0.0001).
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Validation of RNA-seq data 

To verify the RNA-seq results, qRT-PCR was conducted using the same 

experimental RNA samples with six genes (Il1rn, Batf, Tlr4, Il6, Il23a and Tnf) 

associated with the innate immune response including the IL-6 signaling, HMGB1 

signaling and DCs maturation. The correlation coefficient of the expression values 

from the RNA-seq and qRT-PCR data was 0.92048 (Fig. 17). 
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Figure 17. Correlation of gene expression values between RNA-seq and qRT-

PCR. The six validated genes (Il1rn, Batf, Tlr4, Il6, Il23a and Tnf) were important 

for the innate immune response including the IL-6 signaling, HMGB1 signaling and 

DCs maturation. 
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Discussion 

 

In the present study, B. abortus Mdh were loaded in the mucoadhesive adjuvant, 

CNs, and CNs-Mdh were intranasally immunized into the mice. The transcriptomic 

analysis of the NALT from CNs-Mdh-immunized mice was performed with time-

series data to examine the responses of nasal cavity, the target site of nasal 

immunization. In addition, the induction of mucosal and systemic humoral immunity 

was investigated. 

As valuable polymers, CNs have been demonstrated due to their ability to enhance 

mucosal absorption, mucosal adhesion, and control the release of antigens 

(Mohammed et al., 2017). Previously, the spherical features and size of the prepared 

CNs were confirmed by SEM and DLS. As many studies have shown, particle size 

is critical for absorption in the mucosal membrane and avoiding clearance in the 

airways (Möller et al., 2006). Recent studies have demonstrated that M cells 

participate in antigen uptake from the nasal cavity to the NALT (Date et al., 2017; 

Kim et al., 2011). The M cells from the intestine have been reported to transport 

antigen to the Peyer’s patches, the local lymphoid tissue in the gut (Date et al., 2017). 

The preferred particle size for uptake by the M cells is < 1 m (des Rieux et al., 

2006). The size of the nanoparticles used in the present study was < 1m, and it is 

assumed that CNs-Mdh could be transported to the NALT.  

When antigen is inhaled, pattern recognition receptors (PRRs) on APCs, such as 



- 96 - 

 

DCs and macrophages determine the origin of the antigens (Iwasaki and Medzhitov, 

2015). This antigen presentation leads to antibody-secreting cells (ASCs). Adaptive 

immunity is known to be controlled by PRRs-induced signals, which instruct when 

and how to respond to a particular infection (Iwasaki and Medzhitov, 2015). At the 

6 hpi, group of CNs-Mdh, CNs-TF and CNs alone, the expressions of common genes 

involved in response to other organism were increased in NALT. Threse results 

indicate that the CNs were recognized by PRRs on the immune cells during the 1 hpi 

to 6 hpi, inducing defense and cytokine response. This result is consistent with 

previous studies showing that CNs have an immune-enhancing effect (Dhakal et al., 

2018b; Gan et al., 2005). 

Detailed bioinformatic analysis of DEGs suggested that genes associated with cell 

viability of neurons, epithelial cells and muscle cells were down-regulated at 1hpi in 

CNs-Mdh-immunized group as compared to other immunized group. Then, genes 

associated with active movement of immune cells including T cell, leukocytes, 

phagocytes and granulocytes in NALT were gradually up-regulated at 6-12hpi, 

indicating that the antigen recognition was activated. In addition, pathway analysis 

showed that the DEGs were significantly enriched in multiple inflammatory 

pathways including “IL-6 Signaling” and “HMGB1 Signaling” in CNs-Mdh-

immunized group. 

IL-6 has been indicated as a key cytokine to the control of Th1/Th2 differentiation 

(Diehl and Rincón, 2002). Cellular response (Th1) is characterized by production of 

IgG2a and known to be crucial to overcome the bacterial infection (Araya and Winter, 

1990). Humoral response (Th2), which mainly produce IL-4, IL-5, IL-6 and IL-10, 
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is also characterized by production of IgG1 (Diehl and Rincón, 2002; Rincón et al., 

1997). Protective immunity of host against B. abortus is likely to be mediated by 

complicated balance between Th1 and Th2 related immune responses. A recent study 

showed that IL-6 contribute to resistance against B. abortus in macrophages and 

CD8+ T cell differentiation, priming the cellular response during the Brucella 

infection (Hop et al., 2019). In addition, the antibody profile of regimens vaccinated 

with the live attenuated vaccine strains for brucellosis, S19 and RB51, were reported 

to be predominantly IgG1 whereas they are known to induce strong cellular 

immunity (Dorneles et al., 2015b). At the 2 wpi, the production of specific IgG1 and 

IgG2a in sera indicates that a mixed Th1-Th2 response were elicited by CNs-Mdh. 

The CD4+ T cells from NALT of naïve mice were reported to be Th0 cells, 

suggesting that T helper subsets could be differentiated into the Th1, Th2, and Th17 

cells within NALT correspondingly to the antigen (Hiroi et al., 1998). Taken together, 

these results suggest that immunocompetent cells in NALT activated IL-6 signaling 

pathway, elicited a mixed Th1-Th2 repsponse in early stages by CNs-Mdh. 

Recent findings have highlighted that HMGB1 pathway is crucial not only for the 

inducing inflammatory responses of URT but also for mediating DCs maturation and 

activation (Shimizu et al., 2016; Wakabayashi et al., 2018; Zhang et al., 2014; Zhu 

et al., 2009). HMGB1 is a archetypical alarmin that can act as a danger signal that 

initiates the host defense response (Klune et al., 2008). HMGB1 signaling was 

suggested as a immunostimulatory signal that induces DC maturation and T-cell-

mediated immunity in rat (Zhu et al., 2009). Shimizu et al. showed that nasal 

secretions contain substantial amounts of HMGB1 and TNF-α stimulation induces 
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the production of HMGB1, which, in turn, upregulates the production of IL-6 and 

IL-8 by nasal epithelial cells via TLR 4 (Shimizu et al., 2016). In the results, HMGB1 

pathway via TLR4 as well as IL-6 signaling and DCs maturation were predicted to 

be activated in CNs-Mdh-immunized group. Another study showed that oral 

administration of a representative mucosal adjuvant, cholera toxin, triggers the 

release of HMGB1 from damaged intestinal epithelial cells, and that the released 

HMGB1 may mediate the activation of mucosal DCs, cytotoxic T lymphocytes and 

IgA production in the intestine (Wakabayashi et al., 2018). Although the relationship 

between innate immune pathway and production of IgA is still not well defined, it is 

reasonably assumed that activated HMGB1 signaling pathways with IL-6 signaling 

and DCs maturation are shown by CNs-Mdh due to the relevance of followed 

production of IgA. 

Secretory IgA-mediated mucosal immunity is not always induced through mucosal 

immunization (Chew et al., 2003). To produce IgA, homing of IgA-ASCs in the 

mucosa is required. DCs in NALT present intranasally administered antigens to 

naive B lymphocytes, by expressing type 1 retinoic acid, nitric oxide (NO) and 

proliferation-inducing ligand (Bemark et al., 2012; Brandtzaeg, 2013; Mora and von 

Andrian, 2008; Takaki et al., 2018). In addition, when B cells are activated by T cell-

dependent antigens that elicit helper CD4 T-cell responses, they become either ASCs 

(Bemark et al., 2012; Brandtzaeg, 2013). According to the transcriptomic analysis, 

genes related in activation of lymphocytes, chemotaxis and cell movement of DCs 

were actively expressed at NALT following CNs-Mdh immunization. Gene 

networks also showed that expression of Il1a, Il1b, Tnf, Vip, and Csf2rb connected 
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these networks. Additionally, genes involved in synthesis of retinoic acid (Aldh1a3) 

(Niu et al., 2016), modulators for T cell and DC function (Csf, Csf1, and Csf3) (van 

de Laar et al., 2012), generation of IgA-ASCs and IgA (Tgfb1, Tgfbi, and Cd40) 

(Konkel and Chen, 2011) were expressed concomitantly. In the ELISA results, 

significant titers of antigen specific IgA in genital secretions and fecal excretion and 

total IgA in nasal wash, genital secretions and fecal excretion were observed in the 

CNs-Mdh immunized group at 2 wpi. These activated pathways and gene networks 

may have led to the statistically difference in titer of systemic IgA. 

Collectively, intranasal immunization of CNs-Mdh triggered differentially gene 

expression associated with cellular movement of immune cells, IL-6, HMGB1 and 

DCs maturation signaling pathway within NALT. In addition, significantly increased 

amount of systemic IgA and a mixed Th1-Th2 response were elicited in CNs-Mdh 

immunized group at 2wpi. These results suggest that CNs-Mdh drives the IL-6 

signaling and HMGB1 signaling pathway followed by DCs maturation in URT, and 

the significantly increased production of antigen-specific IgA and IgG. 



- 100 - 

 

 

 

 

 

 

Chapter Ⅲ 

 

Elicitation of Th1/Th2 related responses in mice 

by chitosan nanoparticles loaded with Brucella 

abortus malate dehydrogenase, outer membrane 

proteins 10 and 19 
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Abstracts 

 

Over the decades, researchers have been trying to develop a safe and effective 

subunit vaccine for brucellosis. In this study, three Brucella abortus recombinant 

proteins Mdh, outer membrane proteins (Omp) 10 and 19 were loaded in 

mucoadhesive CNs and induction of mucosal and systemic humoral immunity were 

investigated after intranasal immunization of BALB/c mice. These antigens were 

also coimmunized as Cocktail to evaluate multiple antigen specific vaccine 

candidates. At 6-weeks post-immunization (wpi), antigen specific total IgG was 

increased in all of the immunized groups, predominantly IgG1. ELISpot and ELISA 

results also showed that B. abortus antigens-loaded CNs elicited Th2-polarized 

response. For mucosal immunity, anti-Mdh IgA from nasal washes and fecal 

excretions, and anti-Omps IgA from sera, nasal washes, genital secretions and fecal 

excretions were significantly increased in single antigen immunized groups. In the 

Cocktail-immunized group, anti-Mdh IgA were significantly increased while anti-

Omps IgA was not. Collectively, this study indicates that comprise of B. abortus 

antigen-loaded CNs elicited the antigen-specific IgA with a Th2-polarized immune 

responses and combination of the highly immunogenic antigens elicited IgG specific 

to each type of antigen. 
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Introduction 

 

 Brucellosis is the most common disease caused by the genus Brucella, a group of 

Gram-negative and facultative intracellular bacteria (Gwida et al., 2010). Humans 

and animals are infected by mucosal infection via oral or aerosol exposure to 

pathogens (Ashford et al., 2004). After the bacteria invade via the mucosal surface, 

they use various strategies to evade the host immune responses and persist to survive 

in the host leading to chronic infection (de Figueiredo et al., 2015). Therefore, 

brucellosis not only is a serious economic and health problem but also is a disease 

that is difficult to detect early and prevent.  

At present, live attenuated strains of B. abortus, such as Rev. 1, S19 and RB51, 

have been widely used for vaccination against bovine brucellosis (Carvalho et al., 

2016). However, these vaccines have some drawbacks, including antibiotic 

resistance, interference with diagnosis, abortion in pregnant animals and 

pathogenicity in humans (Carvalho et al., 2016). Due to these drawbacks, next 

generation vaccines have been demanded. As safe and effective vaccine candidates, 

many research groups have confirmed the ability of B. abortus recombinant proteins, 

such as Omps, to confer protective immunity against Brucella spp. infection 

(Carvalho et al., 2016; Pasquevich et al., 2010; Risso et al., 2017). Among these 

antigens, Omp10 and Omp19 are expressed broadly in Brucella species and are 

known as immunogenic proteins (Abkar et al., 2017; Risso et al., 2017; Tibor et al., 
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1999). Other Brucella sp. cellular component proteins, such as Mdh, TbpA and 

arginase RocF, have also been shown to be promising antigen candidates for a 

Brucella sp. vaccine in previous studies (Im et al., 2017; Im et al., 2018b). To 

increase immunogenicity or sensitivity of Brucella spp. detection, some studies have 

investigated a cocktail of recombinant proteins (Ahmed et al., 2015; Hop et al., 2018). 

The cocktail approach has attracted a great amount of attention, although it is often 

poorly acknowledged (Willadsen, 2008).  

Some of the main challenges in the development of novel vaccines using these 

proteins is the choice of appropriate adjuvant and route of administration since 

recombinant protein tends to be less immunogenic (Abkar et al., 2017). Among the 

immunization routes, nasal has been reported as attractive because it has been shown 

to be effective in inducing both mucosal and systemic antigen-specific immune 

responses (Lycke, 2012). As mentioned above, Brucella sp. pathogens primarily 

infect via a mucosal surface. Hence, the induction of protective immunity at the 

mucosal surface is one of the expected attributes in the development of brucellosis 

vaccines. Nasal immunization not only is an inducible site for mucosal and systemic 

immunity but also is needleless and noninvasive and requires a small antigen dose 

(Suman, 2003). However, nasal immunization has drawbacks, such as rapid 

clearance and inefficient uptake (Tiwari et al., 2012). Therefore, mucoadhesive 

particles, such as CNs, which are biocompatible, nontoxic have been studied as 

promising delivery vesicles (Gan et al., 2005; Silva et al., 2017). Particles prepared 

from chitosan have been shown to control the release of loaded antigens from 
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nanoparticles by modulating their characteristics (Pistone et al., 2017). Previous 

study showed that CNs loaded with Mdh comprise a promising antigen delivery 

system in both in vitro and in vivo (Shim et al., 2020a; Shim et al., 2020b). 

In the present study, as promising vaccine candidates, three B. abortus 

recombinant proteins, Mdh, Omp10, and Omp19, were purified and loaded in CNs 

as adjuvants. In addition, Cocktail of these proteins was also prepared to develop 

multiple antigen specific vaccine candidate. Induction of mucosal and systemic 

humoral immunity was investigated after intranasal immunization of these antigens 

in BALB/c mice model. The combination of immunogenic antigens could be a useful 

approach for the development of subunit vaccine. 
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Materials and Methods 

 

Purification of Mdh, Omp10, and Omp19 

The bacterial strains were the same as those used in a previous study (Im et al., 

2018b). The proteins were constructed with a pCold vector containing a chaperone 

TF to produce soluble and functional proteins. E. coli strains were grown in LB 

medium (Duchefa) overnight at 37°C in a shaking incubator maintained at 220 rpm. 

Antibiotics were used at a final concentration of 100 μg/ml for ampicillin. 

Additionally, 1.5% (w/v) agar (TaKaRa) was added to the above medium when 

necessary. Then, 60 ml of overnight-cultured, plasmid-harboring E. coli was 

inoculated into 1 L of TB containing ampicillin (25 μg/ml) and grown to an OD of 

1.5 at 600 nm. Protein expression was induced with IPTG (Amresco) at a final 

concentration of 0.3 mM. Cells were then incubated at 15°C for 12 h and harvested 

by centrifugation at 3000 × g for 20 min. The pellets were resuspended in 40 ml of 

binding buffer (20 mM Tris-HCl, 8 M urea, 500 mM NaCl, 20 mM imidazole, 1 mM 

β-mercaptoethanol, pH 8.0) and sonicated at 10,000 Hz in ice and centrifuged at 

3000 × g for 20 min. Then, the supernatants were purified using a His SpinTrap (GE 

Healthcare) column according to the manufacturer's instructions. As a vector control, 

TF was also purified using the above method. Endotoxin determination was 

performed with Pierce Chromogenic Endotoxin Quant kit (ThermoFisher). All 
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protein preparation contained 0.25 endotoxin U/mg protein. These purified proteins 

were stored at −20°C until use. 

 

SDS-PAGE and Western blotting 

SDS-PAGE and Western blotting were performed according to a previously 

described method (Im et al., 2018b). The purified recombinant proteins TF, Mdh, 

Omp10, and Omp19 were diluted with sample buffer and boiled for 10 min. After 

electrophoresis, samples were visualized by staining with Coomassie Brilliant Blue 

R-250 (Intron, Korea). The other gel was transferred to a nitrocellulose membrane 

(Invitrogen, USA) for 20 min using an iBlot© transfer device (Invitrogen, USA). 

The membrane was blocked with 5% skim milk (BD, USA) for 1 h at RT and washed 

three times with washing buffer. Then, the membrane was incubated with anti-His 

antibody (1:2000 dilution, AprilBio Co., Ltd, Korea) for 3 h at RT and washed three 

times (10 min each) with the washing buffer. The membrane was incubated with AP-

conjugated goat anti-mouse IgG antibody (1:2000 dilution, Bethyl, USA) for 1 h at 

room temperature and then washed, and the proteins were visualized using an AP 

conjugate substrate kit (Bio-Rad, USA). 
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Preparation of CNs 

The CNs were prepared by ionic gelation according to a previously developed 

method (Shim et al., 2020a; Soh et al., 2019). Briefly, 0.125 g of water-soluble 

chitosan (Jakwang. Ansung, Korea) was dissolved in 25 ml of distilled water to give 

a polymer concentration of 0.5 w/v% and mixed with 150 l of 8% Tween 80 (Sigma, 

USA) solution. 250 l of 10 w/v% TPP was dropped through a syringe into 25 ml of 

0.5 wt% chitosan solution under magnetic stirring and sonication (6 W, 10 min). The 

CNs were obtained by centrifugation for 10 min at 12,000 rpm and freeze-drying. To 

load proteins into the CNs, one milliliter of protein (3 mg/ml) containing 20 mg of 

CNs was kept at 37°C for 24 h with shaking. The supernatants containing free protein 

were removed by centrifugation (10 min, 8,000 rpm), and antigen-loaded CNs were 

then freeze-dried. 

 

Loading efficiency of antigens into CNs 

The amount of encapsulated proteins in the CNs was determined by calculating the 

free protein using a BCA protein assay (Pierce). The LE was then calculated by the 

following equation: 

LE(%)= 
Total amount of the antigen-Free protein

Total amount of the protein
 ×100 
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Morphology and size determination of antigen loaded-CNs 

To measure the particle size and observe the morphology of prepared particles, 1mg 

of CNs and antigen-loaded CNs was dissolved in 500 l of PBS (pH 7.4). The 

particle size of protein loaded-CNs was measured by DLS using a zeta potential and 

particle size analyzer (ELS Z-1000; Otsuka Electronics, Japan). The morphology of 

the CNs and protein loaded-CNs were assessed using FESEM (SUPRA 55VP; Carl 

Zeiss, Germany). The samples (one drop) were placed on a cupper grid and air-dried 

at RT. Then, the samples were coated with platinum prior to examination by FESEM.  

 

In vitro release of antigens loaded in CNs 

The in vitro release of each protein from antigen-loaded CNs was determined as 

follows: 10 mg of antigen-loaded CNs were resuspended in 1 mL of PBS (pH 7.4) 

and then kept at 37°C in a shaking incubator. At various time intervals, 1 mL of the 

suspension was removed after centrifugation (16,000 × g, 20 min) and the same 

amount of PBS was added to the microtube to reach the primary volume. The protein 

concentration in the supernatant was determined by the BCA protein assay. 

 

Nasal immunization of mice and sample collections 

Six-week-old BALB/c female mice (5 mice per group) were distributed into seven 

groups (PBS-, CNs-, TF-, Mdh-, Omp10-, Omp19-, and Cocktail-immunized) and 



- 109 - 

 

used for immunization. Each mouse was immunized by the nasal route with 30 g 

of purified TF or B. abortus antigens (Omp10, Omp19, Mdh or Cocktail) with CNs 

in 20 l of PBS or CNs alone or PBS at weeks 0, 2 and 4. The CNs-Cocktail were 

prepared as a mixture of three B. abortus antigen-loaded CNs (Omp10, Omp19, and 

Mdh) at a ratio of 1:1:1. At 4 and 6 wpi, serum samples, nasal washes, genital 

secretions, fecal excretions, and spleens were obtained from the mice. Briefly, blood 

samples were collected from the heart and centrifuged after clotting for sera 

preparation (1,000 × g, 10 min at 4°C). The nasal washes were collected by injecting 

300 μl of PBS through the trachea toward the nose and centrifuging the wash (1,000 

× g, 10 min at 4°C). For genital secretion samples, the genitals were harvested and 

chopped in 1 ml of PBS, and the supernatants were collected by centrifugation 

(16,000 × g, 5 min at 4°C). The fecal excretions were obtained by adding weighed 

pellets to PBS (10 w/v % fecal sample). All of the PBS used for sample collection 

was mixed with protease inhibitor cocktail (Sigma, USA), and the samples were 

stored at −70°C until analysis. 

 

ELISpot Assays for Antibody-Secreting Cells  

To assess IgG-producing B cells and IFN-γ- and IL-4-secreting T cells from the 

spleens of mice 4 wpi and 6 wpi, enzyme-linked immunospots (ELISpots) were 

performed using an ELISpot kit with minor modifications (Mabtech AB, Stockholm, 

Sweden). Briefly, each capture antibody (15g/ml) was coated in wells overnight at 
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4°C. The wells were then washed with PBS 5 times and blocked with RPMI 1640 

containing 10% FBS for 30 min at RT. After removing the medium, splenocytes 

obtained from the spleens of immunized mice were plated at 2.5 × 105 per well of 

ELISpot plates and incubated for 48 h at 37°C. Spots were then developed using 

detection reagents in the kit according to the manufacturer’s instructions and counted 

using Eli.Scan+ (A.EL. VIS, Hannover, Germany) according to the manufacturer’s 

instructions.  

 

Cytokine ELISA 

To evaluate the cellular immune responses induced by immunization with 

recombinant proteins, splenocytes were collected from mice 4 wpi and 6 wpi. Then, 

1 × 106 cells were seeded in a 12-well plate and stimulated with 10 μg/ml 

recombinant protein for 24 h at 37°C in 5% CO2. The culture supernatants were 

collected, and the amounts of TNF-α, IL-6 and IFN- were measured by ELISA 

according to the manufacturer's instructions (ThermoFisher).  

 

Detection of IgG, IgG1, IgG2a, and IgA titer 

To measure the specific IgG, IgG1, IgG2a, and IgA titers, an indirect ELISA was 

performed using serum samples, nasal washes, genital secretions, and fecal 

excretions. For TF-untagged antigen preparation, the recombinant proteins were 
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cleaved with HRV 3C protease (TaKaRa Bio, JAPAN) at 4°C for 16 h. After SDS-

PAGE, the pure proteins without TF, HRV 3C protease, and noncleaved proteins 

were acquired using a Gel Extraction Kit (Koma Biotech Inc.). These proteins were 

concentrated with concentrators and stored in aliquots at −20°C until analysis. 96-

well microplates were coated by incubating purified recombinant proteins (10 

ng/well) in a coating buffer overnight at 4°C for an ELISA. The plates were blocked 

with 1% BSA (bioWORLD) in a solution of PBS containing 0.05% Tween 20 (PBST) 

for 2 h at 37°C. The sera were diluted 1:8000 to detect specific IgG and IgG1 and 

1:4000 for IgG2a and IgA. For specific IgA detection from wash samples, the nasal 

wash samples were diluted 1:80, the genital secretions were diluted 1:800, and the 

fecal excretions were diluted 1:25. After washing with PBST, diluted serum samples 

were added to the wells and incubated for 2 h at RT. HRP-conjugated goat anti-

mouse IgG (Bio-Rad Laboratories), IgG1 (Southern Biotechnology), IgG2a 

(Southern Biotechnology), and IgA (BioFX Laboratories) diluted in PBS containing 

1% BSA were used to detect IgG, IgG1, IgG2a, and IgA, respectively. Color 

development was performed by adding the substrate TMB (Sigma). The absorbance 

was measured at 450 nm using a VersaMax microplate reader (Molecular Devices 

Corporation, CA, USA) and results were expressed as S/N ratio. 
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Statistical analysis 

All results are expressed as the mean ± SD. Differences in immune responses were 

analyzed with one-way ANOVA and Tukey’s test for post hoc analysis. Differences 

were considered statistically significant if the p value < 0.05. All experiments were 

repeated at least 3 times. Statistical analysis was performed by GraphPad Prism 5 

software (GraphPad Software, Inc.). 
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Results 

 

Expression and purification of Mdh, Omp10, and Omp19 

To produce B. abortus recombinant proteins, fusion proteins were constructed with 

a pCold vector containing a chaperone TF commonly used to produce soluble and 

functional proteins. As shown in Fig. 18A, the sizes of TF, Mdh, Omp10, and Omp19 

were approximately 52 kDa, 85.71 kDa, 65.86 kDa, and 71 kDa, respectively. These 

proteins were confirmed by Western blotting using an anti-6X Histag antibody (Fig. 

18B). 
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Figure 18. The confirmation of recombinant B. abortus proteins by SDS-PAGE 

and Western blotting. (A) The purified proteins were separated by SDS-PAGE and 

gels were stained with Coomassie blue. (B) The proteins were analyzed by Western 

blotting with an anti-histidine antibody. Lane M: Molecular size standard, 1: Control, 

TF (53 kDa), 2: Mdh (92.71 kDa), 3: Omp10 (70 kDa), and 4: Omp19 (79 kDa). 
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Nanoparticles characterization 

To enhance immunogenicity and control antigen release, CNs were prepared using 

the TPP-based ionic gelation method and loaded with B. abortus recombinant 

proteins. The LEs and sizes of TF-, Mdh-, Omp10-, and Omp19-loaded CNs are 

shown in Table 7. The encapsulation efficiency in the B. abortus antigen-loaded CNs 

was more than 50% for all antigens. The size of the CNs was 163.9 ± 34.0 nm, and 

the particles became larger by loading the recombinant proteins as antigens (Fig. 19). 

The SEM image also revealed that the antigen-loaded CNs were spherical in 

appearance. The relative release of TF, Mdh, Omp10, and Omp19 was 17.5%, 31.4%, 

37.4% and 28.5% up to 96 h, respectively (Fig. 20). A burst release of the proteins 

was observed in the first 24 h. 
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Table 7. The characteristics of formulated CNs and antigen-loaded CNs. 

Nanoparticles Loading efficiency (%) Size (nm) 

CNs* - 163.9 ± 34.0 

CNs-TF 51.0 ± 4.21 326.3 ± 83.8 

CNs-Mdh 78.0 ± 1.36 475.4 ±124.5 

CNs-Omp10 71.5 ± 3.20 360.8 ± 84.5 

CNs-Omp19 72.0 ± 1.64 439.5 ± 89.0 

 

*CNs: Chitosan nanoparticles 
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Figure 19. Dynamic light scattering results and scanning electron microscopy 

photographs of CNs and antigen-loaded CNs. (A) The average particle size 

distribution of the CNs and antigen-loaded CNs using dynamic light scattering. (B) 

SEM photographs of the CNs and rAntigen-CNs showed spherical features and 

antigen-loaded CNs became 2-3 times larger by loading antigens in the CNs.  
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Figure 20. Release profiles of TF, Mdh, Omp10, and Omp19 from CNs. In vitro 

release of antigen-loaded CNs in PBS (pH 7.4) up to 96 hours was plotted as 

cumulative % released. A burst release was observed in the first 24 h, and a gradual 

equilibrium was reached. The error bars represent the SD values from the tests. 
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ELISpot assay for IgG, IFN- and IL-4 

 IgG, IFN- and IL-4 in splenocytes of immunized mice were measured by ELISpot 

to assess B cell and T cell responses (Fig. 21). For the B cell response, the Omp19-

immunized group had a significantly increased number of IgG-producing B cells 

compared to that of the TF-immunized group at 4 wpi (Fig. 21A). Then, at 6 wpi, the 

number of IgG-producing B cells was significantly increased in all immunized 

groups (Fig. 21B). In addition, for the T cell response, only the Cocktail-immunized 

group had a significantly increased number of IFN-- and IL-4-secreting T cells 

compared with that of the TF-immunized group at 4 wpi (Fig. 21A). At 6 wpi, the 

Mdh-, Omp19- and Cocktail-immunized groups showed a significantly increased 

number of IFN-- and IL-4-secreting T cells (Fig. 21B).  
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Figure 21. ELISpot detection of IgG, IFN-, and IL-4 secretion by immunized-

mouse splenocytes at 4 wpi (A) and 6 wpi (B). The numbers of IgG, IL-4 and IFN-

-secreting cells per 2.5 × 105 cells are analyzed by ELISpot at 4 and 6 weeks after 

primary immunization. Values represent the mean ± SD of three measurements per 

pool of splenocytes. Statistically significant differences were analyzed by one-way 

ANOVA. The comparison between the B. abortus antigen-immunized group and the 

TF-immunized group is shown in the Figure (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). 
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Table 8. Statistical differences of ELISpot detection of IgG, IFN-, and IL-4 secreted 

by immunized mice splenocyte at 4 wpi.  

Statistical differences of IgG at 4wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs -20.67 -86.81 to 45.48 ns 0.9280 

PBS vs. CNs-TF -29.33 -95.48 to 36.81 ns 0.7330 

PBS vs. CNs-Mdh -62.33 -128.5 to 3.814 ns 0.0708 

PBS vs. CNs-Omp10 -27.00 -93.15 to 39.15 ns 0.7965 

PBS vs. CNs-Omp19 -140.0 -206.1 to -73.85 **** <0.0001 

PBS vs. CNs-Cocktail -68.67 -134.8 to -2.52 * 0.0396 

CNs vs. CNs-TF -8.667 -74.81 to 57.48 ns 0.9992 

CNs vs. CNs-Mdh -41.67 -107.8 to 24.48 ns 0.3772 

CNs vs. CNs-Omp10 -6.333 -72.48 to 59.81 ns 0.9999 

CNs vs. CNs-Omp19 -119.30 -185.5 to -53.19 *** 0.0004 

CNs vs. CNs-Cocktail -48.00 -114.1 to 18.15 ns 0.2383 

CNs-TF vs. CNs-Mdh -33.00 -99.15 to 33.15 ns 0.6247 

CNs-TF vs. CNs-Omp10 2.33 -63.81 to 68.48 ns >0.9999 

CNs-TF vs. CNs-Omp19 -110.7 -176.8 to -44.52 *** 0.0008 

CNs-TF vs. CNs-Cocktail -39.33 -105.5 to 26.81 ns 0.4389 

CNs-Mdh vs. CNs-Omp10 35.33 -30.81 to 101.5 ns 0.5544 

CNs-Mdh vs. CNs-Omp19 -77.67 -143.8 to -11.52 * 0.0171 

CNs-Mdh vs. CNs-Cocktail -6.33 -72.48 to 59.81 ns 0.9999 

CNs-Omp10 vs. CNs-Omp19 -113.0 -179.1 to -46.85 *** 0.0007 

CNs-Omp10 vs. CNs-Cocktail -41.67 -107.8 to 24.48 ns 0.3772 

CNs-Omp19 vs. CNs-Cocktail 71.33 5.186 to 137.5 * 0.0309 

Statistical differences of IFN-at 4wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs -3.33 -30.25 to 23.58 ns 0.9994 

PBS vs. CNs-TF 13.00 -13.91 to 39.91 ns 0.6563 

PBS vs. CNs-Mdh -4.33 -31.25 to 22.58 ns 0.9974 

PBS vs. CNs-Omp10 74.00 47.09 to 100.9 **** <0.0001 

PBS vs. CNs-Omp19 -1.33 -28.25 to 25.58 ns >0.9999 

PBS vs. CNs-Cocktail -18.67 -45.58 to 8.25 ns 0.2799 

CNs vs. CNs-TF 16.33 -10.58 to 43.25 ns 0.4169 

CNs vs. CNs-Mdh -1 -27.91 to 25.91 ns >0.9999 

CNs vs. CNs-Omp10 77.33 50.42 to 104.2 **** <0.0001 

CNs vs. CNs-Omp19 2 -24.91 to 28.91 ns >0.9999 

CNs vs. CNs-Cocktail -15.33 -42.25 to 11.58 ns 0.4853 

CNs-TF vs. CNs-Mdh -17.33 -44.25 to 9.58 ns 0.3539 

CNs-TF vs. CNs-Omp10 61 34.09 to 87.91 **** <0.0001 

CNs-TF vs. CNs-Omp19 -14.33 -41.25 to 12.58 ns 0.5576 

CNs-TF vs. CNs-Cocktail -31.67 -58.58 to -4.75 * 0.0168 

CNs-Mdh vs. CNs-Omp10 78.33 51.42 to 105.2 **** <0.0001 

CNs-Mdh vs. CNs-Omp19 3.00 -23.91 to 29.91 ns 0.9997 

CNs-Mdh vs. CNs-Cocktail -14.33 -41.25 to 12.58 ns 0.5576 

CNs-Omp10 vs. CNs-Omp19 -75.33 -102.2 to -48.42 **** <0.0001 

CNs-Omp10 vs. CNs-Cocktail -92.67 -119.6 to -65.75 **** <0.0001 

CNs-Omp19 vs. CNs-Cocktail -17.33 -44.25 to 9.58 ns 0.3539 
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Table 8. Statistical differences of ELISpot detection of IgG, IFN-, and IL-4 secreted 

by immunized mice splenocyte at 4 wpi (Continued). 

Statistical differences of IL-4at 4wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs -16.67 -40.01 to 6.67 ns 0.2528 

PBS vs. CNs-TF -22.00 -45.34 to 1.34 ns 0.0707 

PBS vs. CNs-Mdh -25.00 -48.34 to -1.66 * 0.0324 

PBS vs. CNs-Omp10 -7.33 -30.68 to 16.01 ns 0.9262 

PBS vs. CNs-Omp19 -38.00 -61.34 to -14.66 ** 0.0011 

PBS vs. CNs-Cocktail -51.67 -75.01 to -28.32 **** <0.0001 

CNs vs. CNs-TF -5.33 -28.68 to 18.01 ns 0.9833 

CNs vs. CNs-Mdh -8.33 -31.68 to 15.01 ns 0.8755 

CNs vs. CNs-Omp10 9.33 -14.01 to 32.68 ns 0.8106 

CNs vs. CNs-Omp19 -21.33 -44.68 to 2.01 ns 0.0837 

CNs vs. CNs-Cocktail -35.00 -58.34 to -11.66 ** 0.0023 

CNs-TF vs. CNs-Mdh -3.00 -26.34 to 20.34 ns 0.9992 

CNs-TF vs. CNs-Omp10 14.67 -8.675 to 38.01 ns 0.3798 

CNs-TF vs. CNs-Omp19 -16.00 -39.34 to 7.342 ns 0.2912 

CNs-TF vs. CNs-Cocktail -29.67 -53.01 to -6.33 ** 0.0093 

CNs-Mdh vs. CNs-Omp10 17.67 -5.68 to 41.01 ns 0.2026 

CNs-Mdh vs. CNs-Omp19 -13.00 -36.34 to 10.34 ns 0.5098 

CNs-Mdh vs. CNs-Cocktail -26.67 -50.01 to -3.33 * 0.0208 

CNs-Omp10 vs. CNs-Omp19 -30.67 -54.01 to -7.33 ** 0.0072 

CNs-Omp10 vs. CNs-Cocktail -44.33 -67.68 to -20.99 *** 0.0002 

CNs-Omp19 vs. CNs-Cocktail -13.67 -37.01 to 9.68 ns 0.4557 

 

The all comparison between the B. abortus antigen-immunized group and other 

group which is not shown in Figure 20 were summarized. Statistical analysis was 

performed using one-way ANOVA. Significant differences are indicated by *P < 

0.05, **P < 0.01 and ***P < 0.001; n.s.; not significant. 
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Table 9. Statistical differences of ELISpot detection of IgG, IFN-, and IL-4 secreted 

by immunized mice splenocyte at 6 wpi.  

Statistical differences of IgG at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs 108.7 19.44 to 197.9 * 0.0130 

PBS vs. CNs-TF 47.33 -41.89 to 136.6 ns 0.5617 

PBS vs. CNs-Mdh -98.33 -187.6 to -9.11 * 0.0267 

PBS vs. CNs-Omp10 -74.33 -163.6 to 14.89 ns 0.1335 

PBS vs. CNs-Omp19 -265 -354.2 to -175.8 **** <0.0001 

PBS vs. CNs-Cocktail -121 -210.2 to -31.78 ** 0.0055 

CNs vs. CNs-TF -61.33 -150.6 to 27.89 ns 0.2885 

CNs vs. CNs-Mdh -207 -296.2 to -117.8 **** <0.0001 

CNs vs. CNs-Omp10 -183 -272.2 to -93.78 **** <0.0001 

CNs vs. CNs-Omp19 -373.7 -462.9 to -284.4 **** <0.0001 

CNs vs. CNs-Cocktail -229.7 -318.9 to -140.4 **** <0.0001 

CNs-TF vs. CNs-Mdh -145.7 -234.9 to -56.44 ** 0.0010 

CNs-TF vs. CNs-Omp10 -121.7 -210.9 to -32.44 ** 0.0053 

CNs-TF vs. CNs-Omp19 -312.3 -401.6 to -223.1 **** <0.0001 

CNs-TF vs. CNs-Cocktail -168.3 -257.6 to -79.11 *** 0.0002 

CNs-Mdh vs. CNs-Omp10 24 -65.22 to 113.2 ns 0.9632 

CNs-Mdh vs. CNs-Omp19 -166.7 -255.9 to -77.44 *** 0.0003 

CNs-Mdh vs. CNs-Cocktail -22.67 -111.9 to 66.56 ns 0.9720 

CNs-Omp10 vs. CNs-Omp19 -190.7 -279.9 to -101.4 **** <0.0001 

CNs-Omp10 vs. CNs-Cocktail -46.67 -135.9 to 42.56 ns 0.5765 

CNs-Omp19 vs. CNs-Cocktail 144 54.78 to 233.2 ** 0.0012 

Statistical differences of IFN- at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs 7.67 -65.14 to 80.47 ns 0.9998 

PBS vs. CNs-TF 12.33 -60.47 to 85.14 ns 0.9965 

PBS vs. CNs-Mdh -61.67 -134.5 to 11.14 ns 0.1235 

PBS vs. CNs-Omp10 -32.67 -105.5 to 40.14 ns 0.7231 

PBS vs. CNs-Omp19 -140.7 -213.5 to -67.86 *** 0.0002 

PBS vs. CNs-Cocktail -66.67 -139.5 to 6.14 ns 0.0829 

CNs vs. CNs-TF 4.67 -68.14 to 77.47 ns >0.9999 

CNs vs. CNs-Mdh -69.33 -142.1 to 3.47 ns 0.0667 

CNs vs. CNs-Omp10 -40.33 -113.1 to 32.47 ns 0.5156 

CNs vs. CNs-Omp19 -148.3 -221.1 to -75.53 *** 0.0001 

CNs vs. CNs-Cocktail -74.33 -147.1 to -1.53 * 0.0440 

CNs-TF vs. CNs-Mdh -74 -146.8 to -1.19 * 0.0452 

CNs-TF vs. CNs-Omp10 -45 -117.8 to 27.81 ns 0.3973 

CNs-TF vs. CNs-Omp19 -153 -225.8 to -80.19 **** <0.0001 

CNs-TF vs. CNs-Cocktail -79 -151.8 to -6.19 * 0.0297 

CNs-Mdh vs. CNs-Omp10 29 -43.81 to 101.8 ns 0.8131 

CNs-Mdh vs. CNs-Omp19 -79 -151.8 to -6.19 * 0.0297 

CNs-Mdh vs. CNs-Cocktail -5 -77.81 to 67.81 ns >0.9999 

CNs-Omp10 vs. CNs-Omp19 -108 -180.8 to -35.19 ** 0.0025 

CNs-Omp10 vs. CNs-Cocktail -34 -106.8 to 38.81 ns 0.6878 

CNs-Omp19 vs. CNs-Cocktail 74 1.19 to 146.8 * 0.0452 
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Table 9. Statistical differences of ELISpot detection of IgG, IFN-, and IL-4 secreted 

by immunized mice splenocyte at 6 wpi (Continued). 

Statistical differences of IL-4 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

PBS vs. CNs 23 -34.89 to 80.89 ns 0.8148 

PBS vs. CNs-TF 1.33 -56.55 to 59.22 ns >0.9999 

PBS vs. CNs-Mdh -59.67 -117.6 to -1.78 * 0.0414 

PBS vs. CNs-Omp10 -19.33 -77.22 to 38.55 ns 0.9047 

PBS vs. CNs-Omp19 -145.7 -203.6 to -87.78 **** <0.0001 

PBS vs. CNs-Cocktail -101.3 -159.2 to -43.45 *** 0.0005 

CNs vs. CNs-TF -21.67 -79.55 to 36.22 ns 0.8509 

CNs vs. CNs-Mdh -82.67 -140.6 to -24.78 ** 0.0035 

CNs vs. CNs-Omp10 -42.33 -100.2 to 15.55 ns 0.2315 

CNs vs. CNs-Omp19 -168.7 -226.6 to -110.8 **** <0.0001 

CNs vs. CNs-Cocktail -124.3 -182.2 to -66.45 **** <0.0001 

CNs-TF vs. CNs-Mdh -61 -118.9 to -3.113 * 0.0360 

CNs-TF vs. CNs-Omp10 -20.67 -78.55 to 37.22 ns 0.8755 

CNs-TF vs. CNs-Omp19 -147 -204.9 to -89.11 **** <0.0001 

CNs-TF vs. CNs-Cocktail -102.7 -160.6 to -44.78 *** 0.0005 

CNs-Mdh vs. CNs-Omp10 40.33 -17.55 to 98.22 ns 0.2755 

CNs-Mdh vs. CNs-Omp19 -86 -143.9 to -28.11 ** 0.0025 

CNs-Mdh vs. CNs-Cocktail -41.67 -99.55 to 16.22 ns 0.2455 

CNs-Omp10 vs. CNs-Omp19 -126.3 -184.2 to -68.45 **** <0.0001 

CNs-Omp10 vs. CNs-Cocktail -82 -139.9 to -24.11 ** 0.0038 

CNs-Omp19 vs. CNs-Cocktail 44.33 -13.55 to 102.2 ns 0.1932 

 

The all comparison between the B. abortus antigen-immunized group and other 

group which is not shown in Figure 20 were summarized. Statistical analysis was 

performed using one-way ANOVA. Significant differences are indicated by *P < 

0.05, **P < 0.01 and ***P < 0.001; n.s.; not significant. 
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Cytokine production 

 The production of TNF- and IL-6 in the supernatant of a splenocyte culture from 

Cocktail-immunized group was evaluated after restimulation with antigens (Fig. 22). 

Production of IFN- were not detected in the culture supernatants of splenocyte 

stimulated with the antigens. The Cocktail-immunized group stimulated with TF, 

Mdh, Omp10, Omp19, and Cocktail had significantly increased levels of TNF- and 

IL-6 compared to negative control at 4 wpi. In the splenocytes isolated 6 wpi, the 

level of IL-6 was significantly increased by stimulation of Mdh, Omp10 and Omp19 

compared to negative control. Among them, stimulation with Omp10 induced 

significant level of IL-6 compared to TF stimulation.  
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Figure 22. Production of TNF- and IL-6 from Cocktail-immunized mice 

splenocytes at 4 wpi (A) and 6 wpi (B). Splenocyte from mice intranasally 

immunized with CNs-Cocktail were stimulated in vitro with B. abortus recombinant 

proteins. Supernatants were collected and pro-inflammatory cytokines were 

measured by using an ELISA. The Cocktail-immunized group stimulated with TF, 

Mdh, Omp10, Omp19, and Cocktail had significantly increased levels of TNF- and 

IL-6 compared to negative control. 
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Production of humoral immune responses  

 Intranasal immunization of each B. abortus recombinant protein loaded-CNs 

elicited a significantly higher titer of IgG than that of the TF-immunized group at 6 

wpi (Fig. 23). The main subtype produced after immunization was IgG1, while the 

titer of IgG2a was also significantly enhanced following Omp10- and Omp19-

immunization. Although titers of IgG1 and IgG2a were not significant following 

Mdh immunization, the titer of IgG1 was more predominant than that of IgG2a. 

Following Cocktail immunization, significant amounts of anti-Mdh, anti-Omp10, 

and anti-Omp19 total IgG were produced at 6 wpi. Additionally, significantly higher 

titers of anti-Mdh IgG1 were produced following Cocktail immunization compared 

to those produced after TF immunization.  
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Figure 23. Antigen-specific IgG antibodies against B. abortus recombinant 

proteins at 6 wpi. The results are expressed as the sample to negative control ratio 

(S/N ratio) ± SD (n = 4). The statistical analysis was performed using one-way 

ANOVA. The comparison between the B. abortus antigen-immunized group and the 

TF-immunized group is shown in the Figure (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001).  
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 A major antibody for mucosal immunity, secretory-specific IgA was detected in 

sera, nasal washes, fecal excretions, and genital secretions (Fig. 24). Following Mdh-

immunization, titers of anti-Mdh IgA in nasal washes and fecal excretions were 

significantly increased. Additionally, anti-Omp10 and anti-Omp19 IgA were 

significantly increased in sera, nasal washes, fecal excretions, and genital secretions 

following Omp10- and Omp19-immunization, respectively. The Cocktail-

immunized group did not induce significant titers of anti-Omp10 and anti-Omp19 

IgA in any secretory samples, while titers of anti-Mdh IgA in sera and nasal washes 

were significantly induced.  
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Figure 24. Antigen-specific IgA antibodies in sera, nasal washes, fecal excretions, 

and genital secretions at 6 wpi. The results are expressed as the S/N ratio ± SD (n 

= 4). The statistical analysis was performed using one-way ANOVA. The comparison 

between the B. abortus antigen-immunized group and the TF-immunized group is 

shown in the Figure (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  
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Table 10. Statistical differences of antigen specific antibody titers (IgG, IgG1, and 

IgG2a) against B. abortus recombinant proteins at 6wpi.  

Statistical differences of IgG against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -8.29 -29.21 to 12.62 ns 0.6742 

CNs vs. CNs-Cocktail -56.92 -77.83 to -36 **** <0.0001 

CNs vs. CNs-Mdh -41.16 -62.08 to -20.24 *** 0.0002 

CNs-TF vs. CNs-Cocktail -48.62 -69.54 to -27.7 **** <0.0001 

CNs-TF vs. CNs-Mdh -32.86 -53.78 to -11.95 ** 0.0019 

CNs-Cocktail vs. CNs-Mdh 15.76 -5.16 to 36.67 ns 0.1783 

Statistical differences of IgG1 against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -4.33 -23.83 to 15.16 ns 0.9187 

CNs vs. CNs-Cocktail -41.45 -60.94 to -21.95 **** <0.0001 

CNs vs. CNs-Mdh -21.76 -41.26 to -2.27 * 0.0261 

CNs-TF vs. CNs-Cocktail -37.11 -56.61 to -17.62 *** 0.0003 

CNs-TF vs. CNs-Mdh -17.43 -36.92 to 2.07 ns 0.0883 

CNs-Cocktail vs. CNs-Mdh 19.68 0.19 to 39.18 * 0.0474 

Statistical differences of IgG2a against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.23 -3.04 to 2.58 ns 0.9952 

CNs vs. CNs-Cocktail -4.57 -7.37 to -1.76 ** 0.0014 

CNs vs. CNs-Mdh -0.05 -2.86 to 2.76 ns >0.9999 

CNs-TF vs. CNs-Cocktail -4.33 -7.14 to -1.52 ** 0.0022 

CNs-TF vs. CNs-Mdh 0.18 -2.63 to 2.99 ns 0.9976 

CNs-Cocktail vs. CNs-Mdh 4.51 1.71 to 7.32 ** 0.0015 

Statistical differences of IgG against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.09 -5.39 to 5.19 ns >0.9999 

CNs vs. CNs-Cocktail -10.4 -16.51 to -4.30 ** 0.0011 

CNs vs. CNs-Omp10 -25.47 -30.76 to -20.18 **** <0.0001 

CNs-TF vs. CNs-Cocktail -10.31 -16.41 to -4.20 ** 0.0012 

CNs-TF vs. CNs-Omp10 -25.38 -30.66 to -20.09 **** <0.0001 

CNs-Cocktail vs. CNs-Omp10 -15.07 -21.17 to -8.96 **** <0.0001 

Statistical differences of IgG1 against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.14 -13.75 to 13.47 ns >0.9999 

CNs vs. CNs-Cocktail -2.56 -17 to 11.87 ns 0.9548 

CNs vs. CNs-Omp10 -39.49 -53.1 to -25.88 **** <0.0001 

CNs-TF vs. CNs-Cocktail -2.42 -16.86 to 12.01 ns 0.9615 

CNs-TF vs. CNs-Omp10 -39.34 -52.95 to -25.74 **** <0.0001 

CNs-Cocktail vs. CNs-Omp10 -36.92 -51.36 to -22.49 **** <0.0001 

Statistical differences of IgG2a against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.03 -1.81 to 1.87 ns >0.9999 

CNs vs. CNs-Cocktail -0.29 -2.13 to 1.55 ns 0.9673 

CNs vs. CNs-Omp10 -2.01 -3.85 to -0.17 * 0.0297 

CNs-TF vs. CNs-Cocktail -0.33 -2.17 to 1.51 ns 0.9559 

CNs-TF vs. CNs-Omp10 -2.05 -3.88 to -0.21 * 0.0269 

CNs-Cocktail vs. CNs-Omp10 -1.72 -3.56 to 0.12 ns 0.0716 
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Table 10. Statistical differences of antigen specific antibody titers (IgG, IgG1, and 

IgG2a) against B. abortus recombinant proteins at 6wpi (Continued). 

Statistical differences of IgG against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.01 -25.22 to 25.23 ns >0.9999 

CNs vs. CNs-Cocktail -25.27 -50.49 to -0.05 * 0.0495 

CNs vs. CNs-Omp19 -41.26 -66.49 to -16.04 ** 0.0013 

CNs-TF vs. CNs-Cocktail -25.28 -50.5 to -0.06 * 0.0494 

CNs-TF vs. CNs-Omp19 -41.27 -66.49 to -16.05 ** 0.0013 

CNs-Cocktail vs. CNs-Omp19 -15.99 -41.21 to 9.23 ns 0.3030 

Statistical differences of IgG1 against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.61 -24.27 to 23.06 ns 0.9998 

CNs vs. CNs-Cocktail -8.21 -33.97 to 17.55 ns 0.7868 

CNs vs. CNs-Omp19 -39.15 -61.46 to -16.83 *** 0.0009 

CNs-TF vs. CNs-Cocktail -7.61 -34.55 to 19.34 ns 0.8401 

CNs-TF vs. CNs-Omp19 -38.54 -62.21 to -14.88 ** 0.0018 

CNs-Cocktail vs. CNs-Omp19 -30.94 -56.7 to -5.17 * 0.0172 

Statistical differences of IgG2a against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.08 -9.37 to 9.20 ns >0.9999 

CNs vs. CNs-Cocktail -0.88 -10.16 to 8.41 ns 0.9928 

CNs vs. CNs-Omp19 -15.35 -24.63 to -6.07 ** 0.0012 

CNs-TF vs. CNs-Cocktail -0.79 -10.07 to 8.50 ns 0.9947 

CNs-TF vs. CNs-Omp19 -15.26 -24.54 to -5.98 ** 0.0012 

CNs-Cocktail vs. CNs-Omp19 -14.47 -23.75 to -5.20 ** 0.0020 

 

Statistical differences of antibodies against Mdh, Omp10, and Omp19 which is not 

shown in Figure 22 were summarized. Statistical analysis was performed using one-

way ANOVA. Significant differences are indicated by *P < 0.05, **P < 0.01 and 

***P < 0.001; n.s.; not significant. 
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Table 11. Statistical differences of antigen specific IgA titers against B. abortus 

recombinant proteins at 6wpi.  

Statistical differences of IgA in serum against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.02 -0.15 to 0.11 ns 0.9660 

CNs vs. CNs-Cocktail -0.18 -0.32 to -0.05 ** 0.0036 

CNs vs. CNs-Mdh 0.04 -0.09 to 0.17 ns 0.8249 

CNs-TF vs. CNs-Cocktail -0.17 -0.30 to -0.04 ** 0.0093 

CNs-TF vs. CNs-Mdh 0.06 -0.07 to 0.19 ns 0.5621 

CNs-Cocktail vs. CNs-Mdh 0.23 0.10 to 0.35 *** 0.0006 

Statistical differences of IgA in nasal washes against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.61 -0.10 to 1.32 ns 0.1065 

CNs vs. CNs-Cocktail -1.38 -2.10 to -0.67 *** 0.0002 

CNs vs. CNs-Mdh -0.30 -1.01 to 0.41 ns 0.6221 

CNs-TF vs. CNs-Cocktail -1.99 -2.71 to -1.28 **** <0.0001 

CNs-TF vs. CNs-Mdh -0.92 -1.63 to -0.20 ** 0.0099 

CNs-Cocktail vs. CNs-Mdh 1.08 0.37 to 1.80 ** 0.0025 

Statistical differences of IgA in fecal excretions against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.001 -0.58 to 0.60 ns >0.9999 

CNs vs. CNs-Cocktail -0.22 -0.81 to 0.36 ns 0.7000 

CNs vs. CNs-Mdh -0.62 -1.21 to -0.04 * 0.0356 

CNs-TF vs. CNs-Cocktail -0.23 -0.82 to 0.36 ns 0.6855 

CNs-TF vs. CNs-Mdh -0.63 -1.22 to -0.04 * 0.0339 

CNs-Cocktail vs. CNs-Mdh -0.40 -0.98 to 0.19 ns 0.2489 

Statistical differences of IgA in genital secretion against Mdh at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.02 -0.16 to 0.12 ns 0.9709 

CNs vs. CNs-Cocktail -0.10 -0.24 to 0.04 ns 0.2127 

CNs vs. CNs-Mdh -0.13 -0.27 to 0.01 ns 0.0587 

CNs-TF vs. CNs-Cocktail -0.10 -0.21 to 0.06 ns 0.4022 

CNs-TF vs. CNs-Mdh -0.11 -0.25 to 0.03 ns 0.1306 

CNs-Cocktail vs. CNs-Mdh -0.03 -0.17 to 0.10 ns 0.8833 
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Table 11. Statistical differences of antigen specific IgA titers against B. abortus 

recombinant proteins at 6wpi (Continued). 

Statistical differences of IgA in serum against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.06 -0.13 to 0.24 ns 0.8282 

CNs vs. CNs-Cocktail 0.01 -0.18 to 0.19 ns 0.9997 

CNs vs. CNs-Omp10 -0.30 -0.48 to -0.11 ** 0.0019 

CNs-TF vs. CNs-Cocktail -0.05 -0.24 to 0.14 ns 0.8688 

CNs-TF vs. CNs-Omp10 -0.35 -0.54 to -0.16 *** 0.0003 

CNs-Cocktail vs. CNs-Omp10 -0.30 -0.50 to -0.11 ** 0.0016 

Statistical differences of IgA in nasal washes against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.09 -0.49 to 0.29 ns 0.8889 

CNs vs. CNs-Cocktail -0.09 -0.48 to 0.29 ns 0.9043 

CNs vs. CNs-Omp10 -0.62 -1.02 to -0.24 ** 0.0016 

CNs-TF vs. CNs-Cocktail 0.01 -0.39 to 0.39 ns >0.9999 

CNs-TF vs. CNs-Omp10 -0.53 -0.92 to -0.14 ** 0.0068 

CNs-Cocktail vs. CNs-Omp10 -0.54 -0.93 to -0.14 ** 0.0062 

Statistical differences of IgA in fecal excretions against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 4e-010 -0.15 to 0.15 ns >0.9999 

CNs vs. CNs-Cocktail -0.03 -0.19 to 0.12 ns 0.9280 

CNs vs. CNs-Omp10 -0.24 -0.39 to -0.08 ** 0.0023 

CNs-TF vs. CNs-Cocktail -0.03 -0.19 to 0.12 ns 0.9280 

CNs-TF vs. CNs-Omp10 -0.24 -0.39 to -0.08 ** 0.0023 

CNs-Cocktail vs. CNs-Omp10 -0.20 -0.36 to -0.050 ** 0.0080 

Statistical differences of IgA in genital secretion against Omp10 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.05 -0.87 to 0.98 ns 0.9981 

CNs vs. CNs-Cocktail -0.09 -1.02 to 0.82 ns 0.9901 

CNs vs. CNs-Omp10 -2.28 -3.20 to -1.36 **** <0.0001 

CNs-TF vs. CNs-Cocktail -0.15 -1.07 to 0.77 ns 0.9640 

CNs-TF vs. CNs-Omp10 -2.34 -3.26 to -1.42 **** <0.0001 

CNs-Cocktail vs. CNs-Omp10 -2.20 -3.11 to -1.27 **** <0.0001 
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Table 11. Statistical differences of antigen specific IgA titers against B. abortus 

recombinant proteins at 6wpi (Continued). 

Statistical differences of IgA in serum against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.18 -0.02 to 0.37 ns 0.0921 

CNs vs. CNs-Cocktail 0.02 -0.18 to 0.21 ns 0.9917 

CNs vs. CNs-Omp19 -0.20 -0.40 to 0.001 ns 0.0516 

CNs-TF vs. CNs-Cocktail -0.16 -0.36 to 0.04 ns 0.1520 

CNs-TF vs. CNs-Omp19 -0.37 -0.57 to -0.18 *** 0.0003 

CNs-Cocktail vs. CNs-Omp19 -0.22 -0.42 to -0.02 * 0.0297 

Statistical differences of IgA in nasal washes against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF -0.04 -1.30 to 1.23 ns 0.9998 

CNs vs. CNs-Cocktail -0.29 -1.56 to 0.97 ns 0.9094 

CNs vs. CNs-Omp19 -3.31 -4.58 to -2.05 **** <0.0001 

CNs-TF vs. CNs-Cocktail -0.26 -1.52 to 1.01 ns 0.9359 

CNs-TF vs. CNs-Omp19 -3.28 -4.54 to -2.01 **** <0.0001 

CNs-Cocktail vs. CNs-Omp19 -3.02 -4.29 to -1.76 **** <0.0001 

Statistical differences of IgA in fecal excretions against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 4e-010 -0.15 to 0.15 ns >0.9999 

CNs vs. CNs-Cocktail -0.03 -0.18 to 0.12 ns 0.9280 

CNs vs. CNs-Omp19 -0.24 -0.39 to -0.08 ** 0.0023 

CNs-TF vs. CNs-Cocktail -0.03 -0.19 to 0.12 ns 0.9280 

CNs-TF vs. CNs-Omp19 -0.24 -0.39 to -0.08 ** 0.0023 

CNs-Cocktail vs. CNs-Omp19 -0.20 -0.36 to -0.05 ** 0.0080 

Statistical differences of IgA in genital secretion against Omp19 at 6wpi 

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value 

CNs vs. CNs-TF 0.06 -0.45 to 0.57 ns 0.9869 

CNs vs. CNs-Cocktail -0.10 -0.61 to 0.41 ns 0.9407 

CNs vs. CNs-Omp19 -1.43 -1.95 to -0.92 **** <0.0001 

CNs-TF vs. CNs-Cocktail -0.16 -0.67 to 0.35 ns 0.8060 

CNs-TF vs. CNs-Omp19 -1.50 -2.00 to -0.98 **** <0.0001 

CNs-Cocktail vs. CNs-Omp19 -1.33 -1.84 to -0.82 **** <0.0001 

 

Statistical differences of IgA against Mdh, Omp10 and Omp19 in mucosal samples and 

sera which is not shown in Figure 23 were summarized. Statistical analysis was 

performed using one-way ANOVA. Significant differences are indicated by *P < 0.05, 

**P < 0.01 and ***P < 0.001; n.s.; not significant.  



- 136 - 

 

Discussion 

 

For a subunit vaccine candidate to be promising, there are some expected 

attributes, such as safety, economic efficiency, induction of humoral immunity, and 

protection against infection (Abkar et al., 2017; Carvalho et al., 2016; Perkins et al., 

2010). Previously, Mdh, Omp10, and Omp19 are shown to effective in inducing pro-

inflammatory immune responses in human leukemic monocyte cells (THP-1 cells) 

(Im et al., 2018b) and eliciting IgG responses in a murine model following 

intraperitoneal injection (Im et al., 2018a; Im et al., 2017). In another study, 

vaccination with Mdh, a key enzyme in the tricarboxylic acid (TCA) cycle, was 

reported to reduce bacterial load and promote clearance in a mouse model for B. 

abortus infection (Lowry et al., 2011). B. abortus lacking Omp10 or Omp19 showed 

attenuated survival in mice (Tibor et al., 2002). Omp19 has also been shown to have 

high immunogenicity (Pasquevich et al., 2009) and studied as an adjuvant for its 

immunogenicity (Risso et al., 2017). Although needle-based vaccination methods 

are common, these methods have some drawbacks, including accidental needle-stick 

injury, needle-borne cross-contamination, expenses, and needle phobia (Mitragotri, 

2006). Hence, mucosal immunization is an attractive alternative since it is able to 

stimulate both humoral and cell-mediated responses in mucosal and systemic sites, 

avoiding the drawbacks of needle-based vaccination (Li et al., 2016). The adjuvant 

for Brucella spp. recombinant proteinso such as CpG oligodeoxynucleotides (Al-
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Mariri et al., 2001), cholera toxin (Pasquevich et al., 2011) have been studied, but 

these vaccines were given intramuscularly or intraorally and have not shown about 

mucosal immunity. Therefore, in the present study, three B. abortus antigens (Mdh, 

Omp10, and Omp19) were loaded in CNs using previously described method (Shim 

et al., 2020a) and their immunogenicity was investigated after intranasal 

immunization of BALB/c mice. 

 Nanoparticles such as CNs have been applied as potential carriers of antigens or 

drugs since they are mucoadhesive and can be made to readily dissolve (Singh et al., 

2018). Using an ionic gelation method, B. abortus recombinant protein loaded CNs 

were prepared. In the SEM results, CNs and antigen-loaded CNs showed spherical 

features. DLS results also showed that CNs became 2-3 times larger by loading 

antigens in the CNs. The antigen-loaded CNs were less than 500 nm in size, and 

previous studies have shown that the number of nanoparticles across the epithelium 

is greater than the number of microspheres (Xu and Du, 2003). The antigen release 

profiles showed that a burst release was observed in the first 24 h, and a gradual 

equilibrium was reached. Considering these patterns, the release rates and LEs were 

similar to those in previous studies (Jiang et al., 2008; Li et al., 2016). Among the 

antigens, TF showed the lowest release from CNs. It is assumed that the lowest 

release from CNs was shown due to LE and particle size; CNs-TF had the lowest LE 

and smallest particle size. By encapsulation of antigens into the CNs, previous 

studies have indicated that they can control the release of antigens and enhance the 

uptake of degradable antigens, such as proteins, into the epithelial layers (Jiang et 



- 138 - 

 

al., 2008; Li et al., 2016). These results indicate that the remaining antigen is 

encapsulated in the CNs and that antigen-loaded CNs act as a delivery vehicle. 

 Protective immunity of host against intracellular bacteria such as B. abortus is 

mediated by both cellular and humoral immune response. Th1 is characterized by 

production of IgG2a and known to be crucial to overcome the infection (Araya and 

Winter, 1990). Induction of IFN- which is produced by Th1 cells has a crucial role 

in activation of macrophages that enhance clearance of Brucella and inhibit the 

bacterial replication (Schurig et al., 2002). Th2, which mainly produce IL-4, IL-5, 

IL-6 and IL-10 is characterized by production of IgG1 (Diehl and Rincón, 2002; 

Rincón et al., 1997). IL-10 can suppress macrophage function and increase 

susceptibility to B. abortus infection (Fernandes and Baldwin, 1995). A recent study 

also showed that IL-6 promotes B. abortus clearance in macrophages and CD8+ T 

cell differentiation, priming the Th1 response during Brucella infection (Hop et al., 

2019). Activation of CD4+ and CD8+ T lymphocyte is required for clearance of 

Brucella and long-term protection (Araya et al., 1989; Schurig et al., 2002). The S19 

and RB51 are known to induce strong cellular immunity but the antibody profile 

observed in both vaccination regimens were reported as predominantly IgG1 

(Dorneles et al., 2015b). This discrepancy suggests that the course of infection and 

immune protection against Brucella involves complicated balance between Th1 and 

Th2 related immune response (Dorneles et al., 2015b; Hop et al., 2019). 

Following intranasal immunization with B. abortus antigen-loaded CNs, the 
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number of ASCs were assessed by measuring total IgG, IFN-γ and IL-4 in 

splenocytes at 4 and 6 wpi. At 6 wpi, the number of IFN-- and IL-4-secreting T cells 

were significantly enhanced in the Mdh-, Omp19-, and Cocktail-immunized groups 

compared with that of the TF-immunized group. The Omp10-immunized group also 

had an increased number of IFN-- and IL-4-secreting T cells, although it was not 

significant compared with that of the TF-immunized group. ELISpot results also 

showed that the number of IgG-secreting B cells were significantly enhanced in all 

of the groups as compared to that of the TF-immunized group. In the ELISA results, 

increased antigen specific total IgG titer was confirmed in all of the immunized 

groups with IgG1 being dominant over IgG2a. The average number of IL-4-secreting 

cells was higher than that of IFN--secreting cells in ELISpot. These results are 

substantially coincident with each other implying that both humoral and cellular 

immune responses were elicited with Th2-polarized immune response. Several 

studies revealed that although nasal immunization could induce both Th1- and Th2-

type responses, Th2-related cytokines are more effective than Th1 cytokines in 

inducing the production of IgA and play a compensatory role in the regulation of 

mucosal IgA responses (Fagarasan et al., 2010; Okahashi et al., 1996). The secretory 

IgA has been shown to prevent the invasion of pathogens including intracellular 

bacteria at the mucosal epithelium (Li et al., 2012; Tjärnlund et al., 2006). 

 The nasal cavity is a strong inductive site of mucosal immunity since the antigen 

can be delivered to the NALT (Date et al., 2017). In the presence of antigen, M cells 
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in the NALT epithelium play a key role in the uptake of nasally delivered antigens 

(Kim et al., 2011). Then, M cells stimulate the pathway for secretion of dimeric or 

oligomeric IgA from activated mucosal plasma cells and an alternative pathway for 

the induction of systemic immune responses (Date et al., 2017; Kim et al., 2011). In 

this study, sera and mucosal secretions from nasal, genital, and fecal sources were 

analyzed to detect antigen-specific secretory IgA in the respiratory, digestive and 

genital mucosa and the bloodstream. The indirect ELISA showed that anti-Mdh IgA 

from nasal washes and fecal excretions, and anti-Omp10 and 19 IgA from sera, nasal 

washes, genital secretions, and fecal excretions were significantly increased in each 

immunized group as compared to TF-immunized group, respectively. In the 

Cocktail-immunized group, anti-Mdh IgA were significantly increased while anti-

Omps IgA was not significantly induced as compared to TF-immunized group.  

The cocktail immunization of three B. abortus antigen-loaded CNs promoted the 

production of each antigen-specific IgG and anti-Mdh IgA. The antigens, CNs-Mdh, 

CNs-Omp10 and CNs-Omp19 induced both specific IgG and IgA, respectively. 

CNs-Cocktail contains each protein evenly and cytokine production showed that 

splenocyte from Cocktail-immunized group induced significantly high production of 

TNF-and IL-6 by stimulation of each proteins compared to negative control. A 

synergistic effect of induction of IgG was shown for all antigens, whereas induction 

of IgA was shown for the Mdh. When considering that each antigen was contained 

1/3 each, the results indicates that the amount of each antigen contained in the 

Cocktail was sufficient to induce specific IgG for each antigen, but it was short for 
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specific IgA except Mdh. The secretory IgA-mediated mucosal immunity is not 

always induced through mucosal immunization (Kang et al., 2006; Risso et al., 2017). 

Considering the LE and release rate of antigen loaded CNs was shown to be different 

by the antigen, it is required to make cocktail based on property of each antigen 

loaded CNs. However, the higher release rate of antigen from CNs did not induce 

higher production of specific antibody; Omp10 showed the highest release rate but 

the least amount of anti-Omp10 IgG was produced following Cocktail immunization. 

Some cocktails stimulated synergic efficacy of individual antigens (Ahmed et al., 

2015), whereas some others similarly showed synergy, and some did not (McNair et 

al., 2007; Stewart et al., 2013). These studies indicate that efficacy of cocktail 

regimens is unpredictable (Willadsen, 2008). Therefore, appropriate proportions of 

CNs-Cocktail are required to investigate to induce mucosal immunity based on 

property of antigen and CNs, even if each protein have high immunogenicity and 

high release rate. 

Collectively, the results show that intranasal immunization of Mdh-, Omp10-, and 

Omp19-loaded CNs elicited significant systemic IgA and Th2-polarized immune 

responses, while they produced both Th1- and Th2-related antibodies. The cocktail 

of these antigen, CNs-Cocktail, induced significant antigen-specific IgG production 

for all antigens and significant anti-Mdh IgA in mice. The study shows that CNs 

loaded with B. abortus antigen (Mdh, Omp10 and Omp19) as well as the cocktail of 

the antigens have potential as efficient subunit vaccines. In order to elucidate 

whether the results can be applied to subunit vaccine, further studies will be required.  
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General Discussions 

 

As the mucosal membrane presents the first line of defense against the invasion of 

pathogens, including Brucella spp., the induction of mucosal immunity plays a 

crucial role in the control of disease. Many attempts have been made to find the 

alternative safe and effective vaccine candidates for brucellosis. However, most of 

these vaccine strategies have been focused on induction of systemic immunity rather 

than mucosal immunity which is the most important in prevention of the brucellosis. 

In this study, Brucella abortus recombinant proteins were loaded in chitosan 

nanoparticles (CNs), transport of antigen loaded CNs through the epithelial cells 

layer containing M cells were confirmed, and transcriptomic regulation within nasal-

associated lymphoid tissue (NALT) were analyzed, and induction of mucosal and 

systemic humoral immunity were investigated after intranasal immunization of 

BALB/c mice with four kind of B. abortus antigen loaded CNs. 

An in vitro M cell model was used in which Caco-2 cells and Raji B cells were co-

cultured to investigate the impact of the uptake and immunogenicity of B. abortus 

Mdh on nanoparticle transport in human M cells. As a result, CNs induced enhanced 

transport of Mdh in the M cell model. ELISAs showed significantly higher 

production of IL-1β and IL-6 in the CN-Mdh stimulation group than that seen in the 

Mdh stimulation group. The observed increase of gene expression of TLR2, MyD88, 

TRAF6, IRF4 and CD14 implied that MyD88-dependent TLR2 signaling was 
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activated by stimulation with CNs-Mdh. These results suggest that loading Mdh into 

CNs could be useful delivery system since Mdh and CNs may function 

synergistically to enhance the antigen delivery and pro-inflammatory responses 

triggered by the MyD88-dependent TLR2 signaling pathway in M cells. 

 In order to identify the mechanism by which CNs-Mdh affect the target site of 

intranasal immunization, the time-series gene expression analysis of NALT was 

performed. Intranasal immunization of CNs-Mdh triggered differentially gene 

expression associated with cellular movement of immune cells, IL-6 signaling 

pathway, HMGB1 signaling pathway and DCs maturation within NALT. In addition, 

significantly increased amount of systemic IgA and a mixed Th1-Th2 response were 

elicited in CNs-Mdh immunized group at 2 weeks-post immunization. These results 

suggest that B. abortus Mdh-loaded CNs drives the IL-6 signaling and HMGB1 

signaling pathway followed by DCs maturation in URT, and the significantly 

increased production of antigen-specific IgA and IgG. 

Three promising Brucella abortus recombinant proteins, Mdh, outer membrane 

proteins (Omp) 10 and 19 were loaded in mucoadhesive CNs and induction of 

mucosal and systemic immunity were investigated after intranasal immunization of 

BALB/c mice. These antigens were also coimmunized as cocktail (Cocktail) to 

evaluate multiple antigen specific vaccine candidates. Intranasal immunization of 

Mdh-, Omp10-, and Omp19-loaded CNs elicited significant systemic IgA and Th2-

polarized immune responses, while they produced both Th1- and Th2-related 
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antibodies. The cocktail of these antigen induced significant antigen-specific IgG 

production for all antigens and significant anti-Mdh IgA in mice. The study shows 

that CNs loaded with B. abortus antigen (Mdh, Omp10 and Omp19) as well as the 

cocktail of the antigens have potential as efficient subunit vaccines.  

The findings suggest a useful approach for establishing methods for the delivery of 

promising B. abortus subunit vaccines and contribute to the development of an 

antigen cocktail. Among the antigens, less is known regarding the mechanisms 

involved in antigenic properties of B. abortus Mdh. It is assumed that intracellular 

bacteria such as Brucella could use the bacterial component as an important antigen 

which are not normally present on outer membranes as a strategy to survive and 

replicate chronically in the host. By making cocktail with the cellular component 

such as Mdh and outer membrane proteins such as Omp10 and Omp19 which have 

high immunogenicity, high multiple antibody responses against Brucella could be 

induced. Not only the Mdh loaded CNs, stimulation of CNs induced gene expression 

of TLRs in M cells model, showing that TLRs may have important roles not only for 

nanoparticle recognition but also for uptake. Since the TLRs are mainly involved in 

the recognition of Brucella, developing the composition of B. abortus antigen and 

CNs that can be recognized by TLRs might be beneficial in developing vaccine 

candidate against brucellosis. Previous literature in this field remain controversial 

and the mechanism cannot be described on how antigen loaded CNs triggered the 

expression of TLRs, but it is thought that the CNs may act as binding protein 

molecule and then the complex indirectly activates further TLRs signaling pathways. 
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In the mice model, intranasal immunization of CNs-Mdh induced transcriptomic 

regulation for pro-inflammatory signaling pathways and dendritic cells maturation 

within the NALT. Additionally, CNs-Mdh, Omp10, and Omp19 elicited systemic 

mucosal immunity. The Cocktail of these antigens promoted the production of each 

antigen-specific IgG and anti-Mdh IgA. Considering the loading efficiency and 

release rate of antigen loaded CNs was shown to be different by the antigen, it is 

required to make cocktail based on property of each antigen loaded CNs. However, 

Omp10 which showed the highest release rate induced the least amount of anti-

Omp10 IgG following Cocktail immunization, showing that the higher release rate 

of antigen from CNs did not induce higher production of specific antibody. Therefore, 

appropriate proportions of CNs-Cocktail are required to induce anti-multiple 

mucosal immunity based on property of antigen and CNs, even if each protein have 

high immunogenicity and high release rate. 

In conclusion, intranasal immunization of composition of B. abortus antigen and 

CNs is a M cell-targeted delivery system for Brucella antigen that is able to induce 

systemic mucosal immune response (Fig. 25). Loading Mdh into the CNs induced 

enhanced transport of Mdh in the in vitro M cell model and CNs-Mdh triggers 

activation of HMGB1, IL-6 and DCs maturation signaling within NALT in BALB/c 

mice and elicited Th1-Th2 mixed response with production of IgA at 2wpi. Using 

these delivery system, three B. abortus antigen (Mdh, Omp10, and Omp19)-loaded 

CNs elicited the antigen-specific IgA with a Th2-polarized immune responses and 

combination of these highly immunogenic antigens elicited IgG specific to each type 
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of antigen at 6wpi. Additional studies are needed to improve the potential of the 

complex of the antigens and CNs delivery system as vaccine candidate: (1) 

Appropriate proportions of CNs-Cocktail are required to induce mucosal immunity 

based on property of antigen and CNs. (2) Additional modification of nanoparticles 

could improve the efficacy of antigen delivery. (3) Investigations for protection 

ability against B. abortus are needed to identify validate the availability of antigen 

as safe and effective mucosal vaccines. This study demonstrated the successful 

intranasal delivery system and these results will contribute to the development of 

effective mucosal vaccine for brucellosis. 
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Figure 25. A schematic diagram of the suggested pathways of the immune response induced by B. abortus 

recombinant protein loaded CNs.
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국문초록 

 

키토산 나노입자 기반 항원전달체계를 이용한 

Brucella abortus 항원에 의한 점막면역반응 유도 

 

심  수  진 

 

(지도교수: 유 한 상, D.V.M., Ph.D.) 

 

서울대학교 대학원 

수의학과 수의병인생물학 및 예방수의학 전공 

 

브루셀라증은 그람 음성인 브루셀라 (Brucella)속 균의 감염에 의해 

지속적으로 발생되고 있는 주요한 인수공통전염병 중 하나이다. 브루셀

라증은 호흡기, 소화기 및 생식기의 점막을 통해 감염이 된다. 브루셀라

균이 점막 표면을 통해 침입 한 후에는 다양한 전략을 사용하여 숙주 면

역 반응을 회피하고 숙주내에서 생존하며 만성 감염을 유발한다.  

동물에서 브루셀라증 예방을 위해 다양한 백신들이 개발되어 사용되어 
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왔다. 그러나 이들은 항생제 내성, 진단 방해, 임신 동물의 유산 등의 부

작용뿐만 아니라 사람에게 병원성을 유발하는 등 다양한 문제를 나타내

었다. 따라서 이러한 문제점을 극복할 수 있는 브루셀라증 백신의 개발

이 필요한 시점이다. 브루셀라증은 사람과 동물에서 점막을 통해 감염되

기 때문에, 주 감염 경로인 점막 면역을 유도하기 위한 항원 전달 시스

템의 개발이 동시에 요구된다. 많은 연구를 통하여 B. abortus 재조합 

단백질이 새로운 백신 후보로써 논의되어 왔다. 이들 항원은 whole cell 

백신에 비해 병원성이 낮고 효과적이며, 생산이 용이하다는 장점을 가지

고 있기 때문이다. 그러나 재조합 단백질이 whole cell 백신보다 면역원

성이 낮은 경향이 있기 때문에 재조합 단백질 항원을 이용하여 전신 면

역을 유발하기 위해서는 효과적인 백신보조제 및 투여 경로가 고려되어

야 한다. 

비강 경로는 약물 전달이 편리하고 전신 및 국소 점막 면역을 유도할 

수 있기 때문에 효과적인 백신 투여 경로 중 하나로 생각되어 왔다. 비

강을 통해서 투여된 항원에 대한 면역반응은 Nasal-associated 

lymphoid tissues (NALT)에서 유도된다. NALT는 T 세포와 B 세포 등 

면역세포를 가지고 있고, NALT의 상피에는 antigen-sampling cell인 

Microfold (M) 세포가 존재한다. M 세포는 통과하는 외부항원을 인식하

고 면역 반응을 개시한다.  
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키토산은 키틴의 탈 아세틸화 반응을 통하여 얻어진 생체재료로써 가

장 폭넓게 이용되는 천연 다당류 중의 하나이다. 이는 생체적합성, 생분

해성, 무독성과 같은 생체재료로서의 우수한 물리화학적 특성을 가지고 

있으며 점막 전달에 유용한 중합체로서 활용되고 있다. 본 연구에서는 

점막 표면에서 일어나는 빠른 제거를 극복하고 M 세포를 통해 NALT로 

항원을 전달하기 위해서 키토산 나노입자를 바탕으로 하는 B. abortus 

항원 전달체를 개발하고 면역유도능을 평가하였다.  

첫 번째로, B. abortus의 malate dehydrogenase (Mdh)를 키토산 나

노 입자 (CNs)에 담지하였고, 이들이 항원 전달을 향상시키고 면역반응

을 유도할 수 있는지 in vitro M 세포 모델을 이용하여 조사하였다. 

CNs-Mdh를 자극한 그룹은 Mdh 단일 자극 그룹과 비교하여 M 세포 

모델에서 Mdh의 향상된 전위를 유도 하였다(P<0.05). CNs-Mdh 자극 

그룹은 Mdh 자극 그룹 보다 많은 IL-1β 및 IL-6의 생산을 유도하였

다. 또한, CNs-Mdh의 자극에 의해 M 세포의 TLR2, MyD88, TRAF6, 

IRF4 및 CD14의 유전자 발현이 증가 하였다(P<0.05). 

둘째로, CNs-Mdh의 BALB/c 마우스 비강 내 접종이 비강 면역의 표

적 부위인 NALT를 활성화하여 점막 면역을 유도하는지 확인하였다. 먼

저 접종 후 NALT에서 시간별 유전자 발현 양상을 RNA-seq기법을 이

용하여 분석하였다. CNs-Mdh의 비강 내 투여는 처음 1 시간에 상피 
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세포 및 근육 세포의 viability를 감소시켰으나 6 시간에 과립구, 호중구 

및 림프구와 같은 면역 세포의 세포 이동을 유도하였고, NALT 내에서 

12 시간에 IL-6 signaling pathway를 활성화시켰다. 이러한 면역 세포

의 활성화는 또한 high-mobility group box 1 protein (HMGB1) 

signaling pathway의 활성화와 점막 면역에 필요한 DCs의 성숙을 촉진

시켰다. 면역 2주 후 CNs-Mdh 그룹의 분변 및 질 분비물에서 항원 특

이적 IgA의 생성이 유의적으로 높게 검출되었다(P<0.05). 

셋째로, Mdh와 더불어 B. abortus의 주요 항원인 외막단백질(Omp) 

10 및 19를 CNs에 담지하고, BALB/c 마우스에게 비강 내 단일 면역 

후 점막 및 전신 면역반응을 분석하였다. 이들 항원을 또한 복합으로 접

종하여 다수의 항원 특이 반응의 유도 여부를 분석하였다. 비강접종 6주

후, 항원 특이적 IgG가 모든 그룹에서 유도되었으며 주로 IgG1의 생산

이 우세하였다. 세포 및 체액 면역분석에서 B. abortus의 항원이 담지된 

CNs이 Th2 반응을 유도하는 것으로 나타났다. 점막 면역의 경우, 

CNs-Mdh 그룹에서는 비강 세척물 및 분변에서 Mdh 특이적 IgA가 검

출되었고 CNs-Omp10 및 Omp19 그룹에서는 혈청, 비강 세척물, 질 

분비물 및 분변에서 각 항원에 대한 특이적 IgA가 검출되었다 

(P<0.05). 복합 항원으로 면역한 군에서는 혈청과 비강 세척물에서 

Mdh에 대한 특이적 IgA가 생성되었다 (P<0.05). 
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결론적으로 이러한 연구의 결과들은 키토산 나노입자를 이용한 B. 

abortus 항원의 비강 내 면역이 브루셀라 항원에 대한 전신 면역을 유

도하기 위한 성공적인 전달 시스템을 보여주었으며, 이는 효과적인 점막 

백신 개발에 기여할 수 있을 것으로 생각된다. 

 

핵심어: 점막면역, 항원 전달 체계, 브루셀라증, 말산탈수소효소 (malate 

dehydrogenase), 외막단백질 (Omp) 10, Omp 19, 키토산 나노입자 
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