
© 2017 Abkar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2017:12 8769–8778

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
8769

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S149774

Oral immunization of mice with Omp31-loaded 
N-trimethyl chitosan nanoparticles induces high 
protection against Brucella melitensis infection

Morteza abkar1

Mahdi Fasihi-ramandi2

hamid Kooshki3

abbas sahebghadam lotfi4

1Nanomedicine and Nanobiology 
research center, shiraz University 
of Medical sciences, shiraz, 
2Molecular Biology research center, 
3Nanobiotechnology research center, 
Baqiyatallah University of Medical 
sciences, 4Department of clinical 
Biochemistry, Faculty of Medicine, 
Tarbiat Modares University, 
Tehran, Iran

Abstract: Brucellosis is a group of closely associated zoonotic bacterial illnesses caused by 

members of the genus Brucella. B. melitensis Omp31 is a promising candidate for a subunit 

vaccine against brucellosis. This study surveyed the immunogenicity of Omp31 alone and 

with incomplete Freund’s adjuvant (Omp31-IFA) and N-trimethyl chitosan (TMC/Omp31) 

nanoparticles (NPs), as well as the effect of Omp31 immunization route on immunological 

responses and protection. After expression and purification, the recombinant Omp31 (rOmp31) 

was loaded onto TMC NPs by ionic gelation. The particle size, loading efficiency and in 

vitro release of the NPs were examined. Omp31-IFA was administered intraperitoneally, 

while TMC/Omp31 NPs were administered orally and intraperitoneally. According to the 

antibody subclasses and cytokine profile, intraperitoneal immunization by Omp31-IFA and 

TMC/Omp31 NPs induced T helper 1 (Th1) and Th1–Th2 immune responses, respectively. 

On the other hand, oral immunization with TMC/Omp31 NPs elicited a mixed Th1–Th17 

immune response. Data obtained from the cell proliferation assay showed that vaccination 

with Omp31 stimulated a vigorous antigen-specific cell proliferative response, which could 

be further increased after oral immunization with TMC/Omp31 NPs. Vaccinated groups of 

mice when challenged with B. melitensis 16M were found to be significantly protected in the 

orally administered group in comparison with the intraperitoneally immunized mice. Results 

of this study indicated that the reason for high protection after oral vaccination can be via 

elicited Th17 response.
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Introduction
Brucellosis is a group of closely associated zoonotic bacterial illnesses caused by 

members of the genus Brucella, a group of facultative intracellular Gram-negative, 

nonmotile and nonspore-forming bacteria.1 There are different Brucella species 

that infect a wide range of mammals. The disease is mostly acquired by ingestion, 

inhalation, or direct contact such as conjunctiva or skin lesions contaminated with 

animal products.2,3

Owing to Brucella intracellular lifestyle, a few antibiotics are useful against these 

pathogens upon entering their intracellular niche. Antibiotics are applied to treat brucello-

sis in human beings including rifampicin, tetracycline, trimethoprim–sulfamethoxazole, 

aminoglycosides, quinolones, and chloramphenicol. Since there is a high possibil-

ity for relapse in single-agent therapy, the antibiotics are mostly administered in 

combination.4,5 Hence, there is a huge demand for efficient vaccines or treatments 

against human brucellosis. At present, there is no accessible safe vaccine against 
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brucellosis in human beings, and all commercially acces-

sible animal vaccines are based on live attenuated strains of 

Brucella such as B. melitensis Rev.1 and Brucella abortus 

S19 and RB51.6 Despite their effective role in controlling 

brucellosis in animals, these vaccines have some drawbacks 

such as being infectious in human beings, interfering with 

diagnosis, causing abortion when administered to pregnant 

domestic animals, and allowing the regional transmission 

of vaccine strain.6,7

Owing to disadvantages of live attenuated vaccines, 

replacing these vaccines by subunit ones would be a great 

improvement for safety reasons, which would make them 

suitable for vaccination.8 Several cell surface and intracel-

lular Brucella spp. components were designed and examined 

as subunit vaccine against brucellosis.9–13 Among these 

antigens, 31 kDa outer membrane protein (Omp31) con-

ferred protection against B. melitensis and Brucella ovis in 

BALB/c mice.14 The main subunit vaccine’s drawback is 

poor immunogenicity. To improve their immunogenicity, 

these types of vaccines can be formulated into particulate 

vaccine delivery systems.15,16

Owing to their simplicity and convenience, mucosal 

immunizations (particularly oral immunization) are a subject 

of great interest. Overall, advantages of oral immunization 

include infection control at pathogen entry site, induction of 

mucosal and systemic immune responses, and no require-

ment for needle.17,18 However, oral immunization is difficult 

due to extremely low bioavailability. Development of oral 

vaccine formulations requires overcoming various obstacles 

such as the low permeability of large molecules, lack of 

drug lipophilicity, and fast enzymatic degradation or inac-

tivation in the gastrointestinal tract.19,20 To overcome these 

problems, different types of polymeric nanoparticles (NPs) 

have been investigated as delivery systems to the intestine, 

which can protect their cargo from adverse situations that 

could affect vaccine bioactivity.21 Particles composed of 

bioadhesive materials such as N-trimethyl chitosan (TMC), 

known by its stable positive charges regardless of pH, can 

increase the vaccine residence time in the intestine and 

enhance their permeation and immunogenicity. Furthermore, 

TMC NPs can stimulate maturation of dendritic cells 

(DCs); hence, they have intrinsic adjuvant properties. These 

properties make TMC NPs a promising delivery system 

for immunization.22–24

The aim of this study was to examine the immunogenicity 

property of Omp31 alone and with TMC NPs and Freund’s 

adjuvant and to investigate the administration route influ-

ence on the type of immune response.

Materials and methods
animals and ethics statement
Female BALB/c mice (4–6 weeks old; obtained from Pasteur 

Institute of Iran) were acclimated and randomly divided 

into six experimental groups. Mice were kept in conventional 

animal facilities and received water and food ad libitum. 

All experiments were approved by the ethical committee of 

Razi Vaccine and Serum Research Institute (No 515.92 GD, 

26.1.2010) and performed following the guidelines of ethical 

committee of Razi Vaccine and Serum Research Institute.

Bacterial strains and plasmid
B. melitensis 16M and B. melitensis Rev.1 were obtained 

from Razi Vaccine and Serum Research Institute (Karaj, 

Iran) and were grown on Brucella broth (Difco Laboratories, 

Detroit, MI, USA) under aerobic conditions at 37°C in a 

humidified chamber. Escherichia coli DH5α strain (Thermo 

Fisher Scientific, Waltham, MA, USA) was applied for gene 

cloning. E. coli BL21 (DE3) and pET28a vector (Novagen, 

Madison, WI, USA) were used to express recombinant 

Omp31 (rOmp31).

antigen production
The selected open reading frame (ORF) was amplified by poly-

merase chain reaction (PCR) from a synthetic gene (GenBank 

Accession Number: JQ965699) with forward primer (5′-ACTA 

GAATTCGCCACCATG GTTGTGGTCAGC-3′) and 

reverse primer (5′-GGTACTCGAGATTAGTGATGGTG

ATGGTGATG-3′). The underlined regions of the primer 

sequences represent the restriction sites for EcoRI and XhoI, 

respectively. The amplified DNA fragment was cloned into 

the pET28a vector. The recombinant protein was expressed 

in E. coli. The recombinant protein expression was validated 

by sodium dodecyl sulfate polyacrylamide gel electropho-

resis (SDS-PAGE). The rOmp31 was then purified using 

affinity chromatography on Ni2+-conjugated chelating sep-

harose. Protein expressed as inclusion bodies was solubilized 

with 8 M urea and refolded by serial dialysis against 4, 2, 

1 and 0 M of urea in phosphate buffered saline (PBS). The 

purified protein was finally solubilized in PBS-1% glycine 

(0.01 M, pH 8.0). The rOmp31 purity was confirmed by 

Western blotting. Briefly, protein was separated on a 12% 

SDS-PAGE gel and transferred into polyvinylidene fluo-

ride membrane. The recombinant protein was determined 

by probing the membrane with mouse anti-His antibodies 

(1:5,000; Sigma-Aldrich Co., St Louis, MO, USA). The 

concentration of purified protein was determined by the 

Bradford method.
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Preparation of TMc formulations
TMC was provided by Dr Abbas Sahebghadam Lotfi (Depart-

ment of Clinical Biochemistry, Faculty of Medicine, Tarbiat 

Modares University, Tehran, Iran). TMC NPs were prepared 

by ionic complexation with pentasodium tripolyphosphate 

(TPP) (Merck, Darmstadt, Germany) as a cross-linking agent. 

Omp31 and TMC were dissolved in a 5 mM HEPES (Sigma-

Aldrich Co.) buffer (pH 7.4) to a final concentration of  

0.1 and 1 mg/mL, respectively. TPP was added under contin-

uous stirring to an Omp31:TPP:TMC weight ratio of 1:3.6:10 

until the solution became slightly opalescent. The NPs 

were harvested by centrifugation (30 minutes, 14,000× g)  

on a glycerol bed to avoid aggregation. The supernatant was 

removed, and the NPs were resuspended in PBS.

characterization of antigen-loaded NPs
The size of the NPs was determined by using a NanoSizer 

ZS (Malvern Instruments, Malvern, UK) in PBS at 25°C. 

NPs’ morphology was assessed using field emission scanning 

electron microscopy (FESEM, 7500F; JEOL, Tokyo, Japan). 

The samples were coated with gold prior to examination by 

FESEM.

The amount of encapsulated Omp31 in the NPs was 

determined by measuring the amount of protein remaining in 

the supernatant by the Bradford method after centrifugation 

(30 minutes, 14,000× g). The loading efficiency (LE) was 

computed by the following equation:

 
LE

Total amount of  Omp31 Free Omp31

Total amount of  Omp
(%) =

−
331

× 100
 

Protein integrity
Omp31-loaded TMC NPs were destabilized by adding 

10% (w/v) NaCl to the NPs suspension, resulting in a solu-

tion with a protein concentration of 0.41 mg/mL. The protein 

was electrophoresed at 115 V under reducing conditions in 

a 12% SDS-PAGE gel.

In vitro release study
Omp31-loaded TMC NPs were separated by centrifuga-

tion at 12,000× g and 4°C for 20 minutes. The supernatant 

was decanted, and the NPs were resuspended in 10 mL of 

0.1 M PBS (pH 7.4) and then kept at 37°C under magnetic 

stirring (150 rpm). At various time intervals, 0.5 mL of 

the suspension was removed and centrifuged (16,000× g, 

20 minutes). The Omp31 concentration in the supernatant 

was determined by the Bradford method. The same amount 

of fresh PBS was added to the release medium to reach the 

primary volume. A sample consisting of only nonloaded 

TMC NPs was resuspended in PBS to be used as a negative 

control.

Vaccination
Mice were vaccinated by the oral and intraperitoneal (ip) 

routes. Six groups of mice either receiving vaccine or as 

negative control groups are shown in Table 1. The positive 

control group was administered intraperitoneally on the 

15th day with 1×105 CFU of B. melitensis Rev.1. TMC NPs 

and PBS were used as negative control groups.

antibody responses
After harvesting of the whole blood, the blood was allowed 

to clot by leaving it undisturbed at room temperature. This 

usually took ~30 minutes. The clot was removed by centri-

fuging at 1,800× g for 15 minutes at 4°C. The resulting 

supernatant was designated serum. After centrifugation, it 

was important to immediately transfer the serum into a clean 

polypropylene tube using a Pasteur pipette. The samples 

were maintained on ice while handling. Antibody titer and 

isotypes of IgG, namely, IgG1 and IgG2a, in vaccinated mice 

sera were determined by the enzyme-linked immunosorbent 

assay (ELISA) as described previously.25 The threshold 

value for titer determination was taken as the absorbance 

plus three times the standard deviation obtained at 1:250 

dilution of preimmune sera. Isotypes of IgG were analyzed 

Table 1 The groups of immunized mice

Groups Administration type Administration 
route

Antigen 
dose

Days of 
immunization

Goal of administration

PBs PBs ip – 0, 15 Negative control
Omp31-IFa Omp31 ip 30 µg 0, 15 Immunogenicity of Omp31 with 

Freund’s adjuvant (Omp31-IFa)
NPs ip PBs containing NPs ip – 0, 15 Negative control
TMc/Omp31 ip NPs containing Omp31 ip 30 µg 0, 15 Immunogenicity of TMc/Omp31
NPs oral PBs containing NPs Oral – 0, 7, 14 Negative control
TMc/Omp31 oral NPs containing Omp31 Oral 75 µg 0, 7, 14 Immunogenicity of TMc/Omp31

Abbreviations: ip, intraperitoneal; Omp31, 31 kDa outer membrane protein; IFa, incomplete Freund’s adjuvant; NP, nanoparticle; PBs, phosphate buffered saline; TMc, 
N-trimethyl chitosan.
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using anti-mouse IgG1–HRP- and anti-mouse IgG2a–HRP-

 conjugated antibodies (Santa Cruz Biotechnology Inc., 

Dallas, TX, USA). Dilution of anti-mouse IgG–HRP, IgG1–

HRP and IgG2a–HRP used was 1:8,000 (50 ng/mL).

Anti-Omp31 IgA was determined in fecal extracts by 

indirect ELISA via a goat anti-mouse IgA-specific HRP 

conjugate (Santa Cruz Biotechnology Inc.). Fecal extracts 

were prepared by suspending five fecal pellets in 0.5 mL 

of extraction buffer (100 mg/mL soybean trypsin inhibitor 

[Sigma-Aldrich Co.], 10 mg/mL bovine serum albumin 

[Sigma-Aldrich Co.] and 30 mM disodium EDTA in PBS, 

pH =7.6). After homogenization and centrifugation at 4°C, 

the supernatants of the fecal extracts (dilution 1:2) were 

applied for IgA analysis in feces. Dilution of anti-mouse 

IgA–HRP used was 1:400 (1 µg/mL). All antibody assays 

were performed in triplicate.

cytokine responses
Four weeks after the final immunization, five mice from 

each group were sacrificed and their spleens were asepti-

cally removed. Spleens from mice were removed and teased 

apart between two ground glass slides. Cells were washed 

three times in Hanks’ balanced salt solution (BioWhittaker, 

Walkersville, MD, USA) and resuspended in Roswell Park 

Memorial Institute medium containing 10% fetal bovine 

serum, 5×10−5 M 2-mercaptoethanol, 1% sodium pyruvate, 

1% nonessential amino acids, 2 mM l-glutamine, and 10 µg 

of gentamicin per milliliter. Splenocytes (4×106/well) were 

seeded in 96-well cell culture plates in the complete medium. 

Cells were stimulated with 10 µg/mL purified rOmp31 

and incubated at 37°C in 5% CO
2
. Supernatants were har-

vested from cultures after 48 hours of incubation. Cytokine 

responses were analyzed by mouse ELISA kits according 

to the manufacturer’s instructions: IFN-γ, interleukin (IL)-12, 

IL-4, and IL-17 (R&D Systems, Inc., Minneapolis, MN, 

USA). All assays were performed in triplicate.

Protection experiments
Vaccinated mice were challenged by ip injection with 2×107 

CFUs of B. melitensis 16 M 1 month after the last immuniza-

tion. One month after being challenged, mice were sacrificed 

by cervical dislocation and their spleens were removed 

aseptically. Each spleen was homogenized in a stomacher 

bag, serially diluted and plated on Brucella agar, and CFUs 

were counted after 48–72 hours of incubation at 37°C. The 

results are shown as the mean of the standard deviation of 

the common logarithm of CFU ± per group. Units of protec-

tion were obtained by calculating the differences between 

the common logarithm of CFU obtained from control mice 

and the common logarithm of CFU obtained from the cor-

responding experimental mice groups.

lymphocyte proliferation assay
Mice were sacrificed 1 month after the last immuniza-

tion. Splenocytes from vaccinated mice were adjusted to 

2×105 cells/well in complete DMEM, and then stimulated 

with rOmp31 (0.1 µg/mL). The plates were then incubated 

at 37°C, 5% CO
2
 and 95% humidity for 72 hours. Lympho-

cyte proliferation was assessed by MTT assay. In all, 1 mL 

of 5 µg/mL MTT in incomplete media was prepared and 

10 µL was added to each well and incubated in dark at 37°C, 

5% CO
2
 and 95% humidity for 30 minutes. After removal 

of supernatant from each well, the formazan crystals were 

solubilized using 75 µL of 5% dimethyl sulfoxide (DMSO). 

Finally, color density absorbance was measured at 540 nm.

statistical analysis
Comparative analyses of lymphocyte proliferation assay, 

antibody responses, and cytokine responses were performed 

by applying the Student’s t-test with values of p calculated 

accordingly. The CFU data were normalized by log trans-

formation and evaluated by analysis of variance, followed 

by Dunnett’s post hoc test.

Results
antigen production
Omp31 gene amplification produced a 708 bp DNA frag-

ment (Figure 1A). The PCR product was ligated in pET28a 

vector at EcoRI and XhoI restriction sites in frame with 6× His 

tag at N and C terminals. The Omp31 gene was expressed in 

Figure 1 Pcr product, sDs-Page and Western blotting of Omp31.
Notes: a Pcr product of Omp31 gene (lanes 1–3) followed by agarose gel 
electrophoresis (A). expression analysis of recombinant Escherichia coli. after 
induction with IPTg, the rOmp31 protein produced by recombinant cells was 
analyzed by sDs-Page (B). lanes 1 and 2 show the induced and uninduced cell 
lysates of rOmp31 expressing E. coli cells, respectively. Western blot analysis of 
purified Omp31 with anti-His tag monoclonal antibody (C). 96 dpi (720*451).
Abbreviations: IPTg, isopropyl β-D-1-thiogalactopyranoside; Pcr, polymerase 
chain reaction; Omp31, 31 kDa outer membrane protein; sDs-Page, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis.
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E. coli BL21 (DE3). Recombinant protein expression was 

analyzed by SDS-PAGE and then confirmed by Western blot 

using anti-His antibody (Figure 1B and C). Protein concen-

tration was estimated by the Bradford method and then used 

for vaccination and other experiments.

characterization of antigen-loaded NPs
Dynamic light scattering (DLS) showed that most TMC/

Omp31 NPs had a mean size distribution of 300–400 nm 

(data not shown). Owing to sample dehydration, SEM images 

displayed the size of particles to be smaller than measured 

with DLS (200–300 nm). Furthermore, TMC/Omp31 NPs 

had a spherical appearance and a smooth surface (Figure 2). 

The LE of Omp31 was 70.8%±6.3%.

Protein integrity
The protein integrity of Omp31 after encapsulation was 

examined by SDS-PAGE analysis. The Omp31 integrity 

within NPs was found to be intact after protein loading. 

SDS-PAGE gel analysis results validated the structural 

integrity of the recombinant protein in the NPs, which shows 

that the Omp31 integrity has been maintained during the 

entrapment procedure (data not shown).

In vitro release study
TMC NPs showed ~29% release within the first day, followed 

by no release over the next 9 days (Figure 3).

antibody responses
Ip immunization with Omp31-IFA, TMC/Omp31, and 

oral immunization induced specific IgG production. Then, 

Omp31-specific IgG isotypes (IgG1 and IgG2a) were deter-

mined in sera from the immunized animals. The obtained 

results indicated that the main subtype produced after ip 

immunization with Omp31-IFA and oral immunization 

with TMC/Omp31 NPs was IgG2a, whereas both IgG1 and 

IgG2a titers were induced after ip immunization with TMC/

Omp31 NPs (Figure 4A–C).

Secretary IgA is a major antibody in mucosal immunity. 

Ip immunization did not induce any detectable IgA levels 

in the fecal extracts, whereas oral immunization with 

TMC/Omp31 NPs showed increased IgA levels (Figure 4D). 

Additionally, ratio of IgG2a/IgG1 is shown in Figure 4E.

cytokine responses
According to the cytokine profile, splenocyte culture super-

natants from all vaccinated mice contained high levels of 

IFN-γ and IL-12 compared to the negative control groups. 

IL-4 production was significantly higher in mice immu-

nized with TMC/Omp31 in ip route but not in the other 

groups (Figure 5A–C). Additionally, a significantly high 

IL-17 production was observed in orally vaccinated mice 

(Figure 5D).

Figure 2 appearance and size of the NPs were characterized by scanning electron 
micrograph of TMc/Omp31 nanoparticles.
Note: scale bar represents 0.2 µm.
Abbreviations: NP, nanoparticle; TMc, N-trimethyl chitosan; Omp31, 31 kDa 
outer membrane protein.

Figure 3 Release profile of TMC/Omp31 NPs at pH 7.4 for 10 days.
Abbreviations: TMc, N-trimethyl chitosan; Omp31, 31 kDa outer membrane protein; NP, nanoparticle.
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Protection experiments
The Omp31 ability to protect against virulent B. melitensis 

16M challenges was determined in BALB/c mice vaccinated 

with Omp31. The infection level was computed by determining 

the CFU numbers in spleens 4 weeks after challenge. As 

expected, the Rev.1 vaccine displayed high protection with 

1.91 log units of protection. However, ip vaccination with 

TMC/Omp31 NPs and Omp31-IFA produced 1.17 and 

1.32 log protection units against B. melitensis, respectively 

(p#0.01; Table 2). In comparison with the control group, 

mice that were immunized with Omp31 orally showed a 

higher level of protection when challenged with B. melitensis, 

the log units of protection obtained being 1.77.

lymphocyte proliferation assay
The results of MTT proliferation assay were displayed as 

stimulation index (SI). The SI corresponds to the count per 

minute of induced spleen cells divided by the count per minute 

of unstimulated spleen cells. As shown in Figure 6, the SI values 

for intraperitoneally vaccinated mice with Omp31-IFA and 

TMC/Omp31 were determined to be 1.31 and 1.19, respectively, 

whereas in orally vaccinated mice, it was found to be 1.84 when 

stimulated with rOmp31 (p#0.01; Figure 6). Thus, this high SI 

value suggests that cell stimulatory activity of rOmp31 may be 

one of the reasons behind a robust immune response.

Discussion
Polymeric NPs in which the antigen is encapsulated were 

applied for oral vaccination.26–28 Previous studies have 

shown that chitosan (CS) and TMC NPs are efficient vaccine 

delivery systems for systemic vaccination.29–32 In another 

study, Slutter et al compared CS and TMC NPs’ function in 

oral immunization. They had indicated that application of 

TMC NPs is a promising strategy for oral immunization.24 

Figure 4 Anti-Omp31 antibody levels: the sera were analyzed in triplicates for Omp31-specific IgG antibodies by ELISA with comparison to the control group.
Notes: sera obtained from mice belonging to different experimental groups were collected at regular intervals up to day 45 post-primary immunization, dilution 1:250 
(A). antibody level of intraperitoneally and orally immunized mice. antibody isotyping (B and C): the isotype profiles of Omp31-specific antibodies in serum of orally and 
intraperitoneally immunized mice were analyzed by ELISA using HRP-conjugated anti-mouse IgG1 and IgG2a (dilution 1:8,000) antibodies. Omp31-specific mucosal IgA 
antibody levels in fecal samples from immunized mice, dilution 1:2 (D). ratio of Igg2a/Igg1 (E), p#0.01. Immunization groups are based on Table 1.
Abbreviations: Omp31, 31 kDa outer membrane protein; elIsa, enzyme-linked immunosorbent assay; IFa, incomplete Freund’s adjuvant; PBs, phosphate buffered saline; 
NP, nanoparticle; ip, intraperitoneal; TMc, N-trimethyl chitosan; hrP, horseradish peroxidase.
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Additionally, TMC NPs, but not CS NPs, displayed intrinsic 

adjuvant effect on DCs. These NPs have successfully been 

applied for immunization via different administration 

routes.33–35 In this study, we assessed the TMC NPs’ ability 

as a delivery system via the oral and ip routes.

The Omp31 release profile from the TMC NPs showed 

a primary burst release (Figure 3). After the primary surge, 

equilibrium was reached, indicating no further release during 

the next 9 days. The data obtained from release study are in 

accordance with data obtained by Amidi et al32 and Bal et al34 

who attributed the burst release to a protein that was weakly 

bound to the NP surface. This means that most of the Omp31 

is encapsulated in the TMC NPs.

The subunit vaccine success is related to its composition 

and immunization route. Currently, licensed human or animal 

vaccines are generally administered by the parenteral route, 

but then again, oral vaccines have many advantages compared 

to systemic injections.36 As the Brucella bacterium often 

enters the body via contaminated food and/or water, mucosal 

immunity can act as a first barrier against the infection before 

it reaches the bloodstream.37 Hence, one of the goals of this 

study was the elicitation of anti-Brucella IgA in mucosal sites. 

There is not defined role for IgA in protection against Bru-

cella infection; however, IgA can reflect upon the induction 

of common mucosal immune response. Our data indicated 

that when TMC/Omp31 NPs were orally administered, the 

specific anti-Omp31 IgA was detected in feces of the immu-

nized mice (Figure 4D). Ip vaccination with both Omp31-IFA 

and TMC/Omp31 NPs showed high IgG titer, whereas oral 

vaccination with TMC/Omp31 showed a lower antibody 

titer. Our results are in line with the observations by Chen et 

al indicating that subcutaneous immunization with another 

antigen (urease/TMC NPs) into mice generated high levels 

of IgG titers but low levels of IgA titers. In contrast, orally 

administered urease/TMC NPs elicited high titers of both IgA 

and IgG antibodies.26 However, our results are in contrast with 

γ 

Figure 5 Il-4 (A), IFN-γ (B), Il-12 (C), and Il-17 (D) levels in cell supernatants were determined by elIsa.
Notes: spleen cells (4×106 ml−1 in duplicate wells) were stimulated with rOmp31 for 48 hours (p#0.01). Immunization groups based on Table 1. *Significant difference 
between groups.
Abbreviations: Il, interleukin; elIsa, enzyme-linked immunosorbent assay; Omp31, 31 kDa outer membrane protein; IFa, incomplete Freund’s adjuvant; NP, nanoparticle; 
PBs, phosphate buffered saline; ip, intraperitoneal; TMc, N-trimethyl chitosan.

Table 2 Protection against Brucella melitensis 16M in BalB/c mice 
immunized with Omp31 compared with the vaccine strain rev.1

Vaccine (n=5) Adjuvant Log10 CFU 
of Brucella 
at spleen#

Protection 
units*

PBs – 6.14±0.21a 0
Omp31-IFa Freund’s adjuvant 4.97±0.16b 1.17
B. melitensis rev.1 – 4.23±0.23d 1.91
NPs ip TMc 5.91±0.29a 0
TMc/Omp31 ip TMc 4.59±0.17c 1.32
NPs oral TMc 5.92±0.14a 0
TMc/Omp31 oral TMc 4.14±0.15d 1.77

Notes: #The content of bacteria in spleens is represented as the mean 
log cFU ± sD per group. The different letters represent the mean comparisons 
among the treatment and control samples, the same letters are not statistically 
meaningful. *p-value #0.01.
Abbreviations: Omp31, 31 kDa outer membrane protein; cFU, colony forming 
unit; IFa, incomplete Freund’s adjuvant; NP, nanoparticle; ip, intraperitoneal; TMc, 
N-trimethyl chitosan.
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those of the study of Boontha et al that had suggested that oral 

immunization with TMC/ovalbumin elicits low IgA titers.38 

Since the antigen type affected the immune response type, 

this might be the reason behind the difference.

With respect to the IgG subclass detected via pattern of 

cytokines produced by CD4+ helper T cells, Omp31-specific 

IgG1 and the IgG2a antibodies titers were analyzed by 

ELISA. Significant levels of IgG1 and IgG2a were detected 

from the mice sera that were intraperitoneally immunized 

with TMC/Omp31, whereas a high amount of IgG2a was 

determined in the mice sera that were intraperitoneally and 

orally immunized with Omp31-IFA and TMC/Omp31, 

respectively. The IgG2a isotype plays a key role in anti-

Brucella immunity, since the binding of its Fc portion to 

Fc receptors on the surface of phagocytes activates a wide 

range of antimicrobial responses.39 In a study conducted 

by Mohanan et al, immunogenicity of protein ovalbumine 

(OVA)-containing dimethyldioctadecylammonium (DDA) 

liposomes, PLGA microspheres or TMC NPs or adjuvanted 

OVA-containing DDA/TDB liposomes, or TMC: LPS NPs 

or PLGA: CpG microspheres was assessed by various immu-

nization routes. They indicated that IgG2a titer is sensitive to 

vaccination route, whereas IgG1 titer is somewhat insensitive 

to vaccination route of the particulate delivery systems.33 In 

contrast, our results showed that both IgG1 and IgG2a were 

sensitive to immunization route. Since the composition of a 

subunit vaccine affected the type of immune responses, this 

might be the reason behind this difference.

Owing to its intracellular survival, efficient immune 

responses against Brucella include cell-mediated immunity. 

Additionally, T helper 1 (Th1) and cytotoxic T lymphocyte 

(CTL) responses are crucial components involved in anti-

Brucella protection. Proinflammatory cytokines such as 

TNF-α, IFN-γ and IL-12 produced at the beginning of infec-

tion have shown to play a key role in the battle against this 

illness. Principally, IFN-γ, which activates the bactericidal 

function of macrophages, is generally considered crucial 

in anti-Brucella immunity.40,41 Our results showed that the 

significant IFN-γ and IL-12 production was achieved in 

Omp31-IFA in the ip route and TMC/Omp31 NPs in orally 

and intraperitoneally immunized mice (Figure 5). Further-

more, the significant IL-17 titer was determined in orally 

immunized mice. By contrast, IL-4 production was signifi-

cantly higher only in the group immunized with TMC/Omp31 

in the ip route but not in the other groups. It has been 

reported that Omp31 DNA vaccination stimulates partial 

protection against B. ovis and B. melitensis infections. This 

protection was related to the induction of Omp31-specific 

CD8+ T cells that eradicate Brucella-infected cells via the 

perforin pathway, a low humoral response, and an absence 

of Th1 response.42 On the other hand, plasmids encode the 

Omp31 priming followed by rOmp31 boosting resulting in 

moderately improved degree of protection against a chal-

lenge with B. ovis or B. melitensis.43 Cassataro et al showed 

that ip immunization with rOmp31-IFA elicits a strong 

IgG response. After rOmp31 in vitro stimulation, spleen 

cells from ip rOmp31-vaccinated mice produced significant 

amounts of the IFN-γ and IL-2 cytokines, but not IL-10 or 

IL-4, which suggests the elicitation of a Th1 response. The 

immunization induced partial protection against B. ovis and 

Figure 6 lymphocyte proliferation assay of splenocytes from mice vaccinated with rOmp31.
Notes: Mice immunized with PBs and NPs were used as negative controls. splenocytes from vaccinated mice (2×105 cells/well) were stimulated with rOmp31 (0.1 µg/well) 
for 72 hours, and the proliferative response was determined by in vitro MTT assay. The sI corresponds to the count per minute of stimulated spleen cells divided by the 
count per minute of unstimulated spleen cells. The data are mean sI ± SD of five individual mice from each group with three repeats (p#0.01). Immunization groups are based 
on Table 1. *Significant difference between groups.
Abbreviations: PBs, phosphate buffered saline; Omp31, 31 kDa outer membrane protein; NP, nanoparticle; sI, stimulation index; IFa, incomplete Freund’s adjuvant; ip, 
intraperitoneal; TMc, N-trimethyl chitosan.
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B. melitensis infections.14 Hence, our data were in accordance 

with the report of Cassataro et al that had suggested that 

ip immunization with Omp31-IFA induces Th1 immune 

response. We showed that oral administration of TMC/

Omp31 NPs induces a significant cellular-mixed Th1–Th17 

immune response that is in accordance with the observa-

tions by Pasquevich et al36 and Abkar et al44 that had shown 

that oral administration of another antigen (plant-expressed 

Omp19) and TMC/Omp19 elicits a significant cellular-mixed 

Th1–Th17 immune response. In a study conducted by Abkar 

et al, oral vaccination with TMC/Omp19 induced immune 

responses and a high level of protection against systemic 

infection. Similar to our report, the researchers did not 

examine the protection against oral challenge.44

The results obtained in this study showed the importance 

of administration route in Omp31 protective efficiency. Com-

pared with the Rev.1 vaccine strain, oral immunization of 

TMC/Omp31 conferred equivalent protection in mice against 

B. melitensis 16M challenge at 4 weeks post-challenge. The 

obtained protection after oral immunization was higher than 

that obtained by ip immunization of Omp31. It has been 

indicated that an IL-4-dependent Th2 response does not 

develop or play a negative role during the Brucella patho-

genesis, whereas pathogen-specific Th17 cells may boost 

or work synergistically with Th1 cells for high protection 

against Brucella infection.36,45 Hence, high levels of Th17 

immune responses in oral administration can be one of the 

reasons behind the high level of protection obtained against 

B. melitensis challenges compared to the protection level 

attained in ip immunization.

Indeed, the cell proliferative response observed in 

Omp31-vaccinated mice represents the activation of cellular 

immune responses, which is considered to be important for 

controlling Brucella infections. Data obtained from the cell 

proliferation assay showed that the vaccination with Omp31 

stimulates vigorous production of antigen-specific cytokines 

secreting cells in spleen, which could be further increased 

after oral vaccination with TMC/Omp31 NPs.

Conclusion
Our data suggest that administration route plays a main role 

in determining the immune response type. Furthermore, the 

protection units obtained show that Omp31 when adminis-

tered orally confers more protection, which can be due to the 

elicited Th17 response. TMC/Omp31 may bind and activate 

a specific cell population present at the gut that positively 

regulated the differentiation of IL-17-producing T helper 

cells. It is an ongoing project, and further investigations 

focusing on increasing efficacy of Omp31 and other Brucella 

antigen-based vaccines using various adjuvants or evalua-

tion of protection against oral challenges are underway in 

our laboratory.
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