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Abstract 
 

Background: Due to the ineffectiveness of the BCG vaccine, especially in adult pulmonary tuberculosis (TB), and 

variable efficacies against childhood forms of TB, developing an effective TB vaccine is a major priority in controlling 

this disease. The aim of this study was to evaluate the immunogenicity of a DOTAP liposome formulation containing 

a fusion protein (FP) containing Mycobacterium tuberculosis HspX, PPE44, and EsxV.  

Methods: The FP was expressed in E. coli BL21 cells and confirmed by SDS-PAGE and Western blots. The FP was 

then encapsulated in various liposomal formulations. Afterwards, liposomal size, zeta potential, and encapsulation 

efficiency were evaluated. Mice were subcutaneously vaccinated on days 0, 14, and 28 with liposomes containing the 

FP. Two weeks after the last injection, IFN-γ, IL-4, IL-17, and IL-12 in spleen cell culture supernatants, and IgG2a, 

IgG1, and IgG2b titers in sera were measured. 

Results: The FP concentration was 1mg/ml. The encapsulation efficiency of the liposomes varied from 69% in Lip 

(DOTAP/TDB/CHOL/FP) to 80% in Lip (DOTAP/CHOL/FP). The greatest IFN-γ and IL-12 levels were observed 

in BCG-primed mice that were boosted with Lip (DOTAP/CHOL/FP). In addition, IL-17 production was 

significantly greater in all groups than controls except in those that received histidine buffer and FP. The IgG2a/IgG1 

ratios were greater in the Lip (DOTAP/TDB/CHOL/FP), Lip (DOTAP/CHOL/FP), Lip (DOTAP/CHOL), and 

BCG-primed and Lip (DOTAP/CHOL/FP)-boosted groups than in the other groups, indicating a cellular immune 

response. 

Conclusions: The liposomes containing DOTAP combined with the fusion protein induced a Th1 response. The mice 

that first received BCG and then Lip (DOTAP/CHOL/FP), produced the most IFN-γ and IL-12, indicating a strong 

Th1 response. 
 

Keywords: DOTAP, Vaccines, Fusion Protein, Liposomes, Mycobacterium tuberculosis, Trehalose 6, 

6’-Dibehenate. 

 

Introduction 
Tuberculosis (TB), an infectious disease caused by 

the bacterium Mycobacterium tuberculosis (Mtb) is  

 
 

a major cause of death worldwide. In 2016, 10.4 

million people had active TB, and the infection 
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caused 1.3 million deaths, an unprecedented rate 

of death rate from infectious disease (1). 

Presently, bacillus Calmette-Guérin (BCG) is the 

only available vaccine against TB. Its efficacy 

against severe forms of childhood TB is proven, 

but its effectiveness against pulmonary TB in 

adults varies. Therefore, it is necessary to produce 

second-generation TB vaccines (2, 3). These 

second-generation TB vaccine efforts have 

focused on replacing BCG and using a new 

vaccine as booster for BCG. Recent 

investigations have included subunit, vector, and 

DNA vaccines (4). The most commonly studied 

TB vaccine candidates have been subunit 

vaccines, which include one or more 

immunodominant antigens combined with 

adjuvants in animal models (4, 5). HspX, PPE44, 

and EsxV have been examined in recent studies 

(6-9) Furthermore, simultaneous vaccination with 

multiple Mtb antigens may improve the protective 

effects against all forms of TB (4). For that reason, 

we used these three antigens in the form of a 

fusion protein. Previous studies showed antigens 

encapsulated in cationic liposomes induced 

stronger Th1 responses than antigen alone (10-

12).Liposomes have also been used as adjuvants 

to boost the immunogenicity of peptide or protein 

antigens, and to produce Th1 and cytotoxic T 

lymphocyte (CTL) responses as well (13, 14). 1, 

2-dioleoyl 3-trimethylammonium propane 

(DOTAP) is a cationic liposome-forming 

compound that has recently been used as an 

adjuvant in vaccine-based research. The aim of 

this study was to determine the most effective 

DOTAP liposome formulation for a subunit 

vaccine  containing a fusion protein of Mtb HspX, 

PPE44, and EsxV and characterize its protective 

effect in mice. 

Materials and methods 
Fusion protein preparation  

As we described previously, for fusion protein (FP) 

synthesis, HspX, PPE44, and EsxV gene sequences 

were derived from the NCBI site and their protein 

sequences from the Uniprot site. Two 

AEAAAKEAAAKA linkers were inserted 

between the three protein sequences and the 

nucleotide sequence was optimized by for 

expression in Escherichia coli (E. coli) using JCat 

software. The sequence encoding the FP was then 

ligated into plasmid pET21b. E. coli Top10 BL21 

cells were transformed with the plasmid, expression 

was induced, and the recombinant protein was 

purified by Ni-NTA chromatography (QIAGEN). 

The protein concentration was determined with a 

Bicinchoninic Acid (BCA) Protein Assay Kit 

(Thermo Scientific, USA)(15) and the purified 

protein was analyzed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western blotting (9).  

Preparation of liposomal formulations 

Various DOTAP liposome formulations (Table 1) 

were prepared by the thin film method. Briefly, 

cholesterol (CHOL) (4µmol/ml), DOTAP (4 

µmol/ml) and trehalose 6, 6′-dibehenate (TDB) (0.5 

µmol/ml) were dissolved in chloroform-methanol 

(2:1) and transferred into borosilicate glass tubes. 

The tubes were connected to a rotary evaporator to 

remove the organic solvent, leaving a thin lipid layer 

at the bottom of the tube. The lipid film was freeze-

dried (16) and then hydrated in NaCl-histidine (140 

mM NaCl containing 10 mM histidine, pH 6.5) with 

or without the FP (1 mg/ml) at 37 °C. After multiple 

vortexing, liposomes were sonicated for 5 min at 37 

°C and extruded through 400, 200, and 100 nm 

polycarbonate membrane filters at 37 °C.
 

 

Table 1. Liposome sizes, zeta potentials, polydispersity indexes (PDI), and fusion protein encapsulation efficiencies in the various 

liposomal formulations (means±SDs, n=3) 

Formulation Average size (nm) Zeta potential (mV) PdI 
Encapsulation 

efficiencies (%EE) 

Lipa (DOTAPb/CHOLc) 268.35±15.75 65.8±6.57 0.26±0.02 - 

Lip (DOTAP/CHOL/FPd) 363.86±33.69 47.83±3.59 0.38±0.01 80% 

Lip (DOTAP/TDBe/CHOL/FP) 503.63±32.12 40.5±16.42 0.5±0.03 69% 

       aLiposome bDioleoyl-trimethylammonium-propane cCholesterol dFusion protein eTrehalose6,6'-dibehenate  
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Liposome characterization 

A dynamic light scattering instrument (Nano-ZS; 

Malvern, UK) was used to measure the liposomes’ 

mean sizes and zeta potentials. Particle sizes and poly 

dispersity indexes (PIs) were reported as means ± 

standard deviations (n = 3). Zeta potentials were 

reported as means ± zeta deviations (n = 3). 

Indirect evaluation of protein encapsulation efficiency 

To determine the amount of antigen encapsulation in the 

formulations, 100kDa Amicon® Ultra-4 Centrifugal 

Filter Units were used. The encapsulated formulations 

were centrifuged in Amicon filters at 2000 x g for 30 min 

and the protein percent encapsulation was calculated 

using the following formula: 

Encapsulation efficacy (EE%) = (amount of total 

protein - amount of protein in the filtrate) / amount of 

total protein X 100 

Immunization 

Forty-eight 6-8-week-old female Balb/C mice 

were purchased from the Pasteur Institute of Iran 

(Tehran, Iran), divided into eight groups of six 

mice each, and immunized with the formulations 

shown in Table 2. Based on previous studies, each 

mouse received 50 μg of antigen on days 0, 14, 

and 28 (17). Two groups of mice were primed 

with BCG on day 0 and then boosted with either 

Lip (DOTAP/CHOL/FP) [BCG /Lip 

(DOTAP/CHOL/FP)] or FP (BCG/FP) on days 

14 and 28. 

Cell culture 

Three weeks after the last injection the mice were 

killed by cervical dislocation. The spleens were 

transferred to microtubes containing 1 ml of cold 

RPMI medium without antibiotics. The spleens 
 

Table 2. Mouse injection groups and quantities 

Injection quantity Injection groups 

Histidine buffer )10 mM, pH 6.5  (  Histidine Buffer 

FP 1 mg/ml  FPa 

1.5-6 ×106 cfu per mouse BCGb 

1.5-6×106+1 mg/ml FP BCG+ FP 

DOTAP 4 µmol/ml, CHOL 4 µmol/ml Lipc(DOTAPd/CHOLe) 

DOTAP 4 µmol/ml, CHOL 4 µmol/ml, FP 1mg/ml Lip (DOTAP/CHOL/ FP) 

DOTAP 4 µmol/ml, TDB 0.5 µmol/ml, CHOL 4 µmol/ml, FP 1mg/ml Lip (DOTAP/TDBf/CHOL / FP)  

1.5-6 ×106 cfu + DOTAP 4 µmol/ml, CHOL 4 µmol/ml, FP 1mg/ml BCG+ Lip (DOTAP/CHOL/ FP)  
aFusion Protein bBacillus Calmette Guerin cLiposome dDioleoyl-trimethylammonium-propane e Cholesterol f Trehalose6, 6’-dibehenate  

 

were transferred into falcon tubes with 4-5 ml of 

cold RPMI medium. The spleen cells were 

centrifuged at 300 x g for 5 min at 4 °C, the 

supernatants removed, and 10 ml of cold 

ammonium chloride buffer was added and slowly 

mixed with the cell pellet to lyse the red blood cells. 

The remaining cells were washed with 5 ml of cold 

RPMI and counted. To each well of a 24-well 

plate, 3 x 106 cells were added in 5 ml of complete 

RPMI media containing 10% FBS and 1% 

penicillin-streptomycin. Either 5 μg/ml of the 

fusion antigen or 3% PHA as a positive control was 

added. The plates were incubated in a CO2 

incubator for 72 h, culture supernatants were 

collected and transferred to a sterile microtube, and 

centrifuged at 3000 x g for 2 min at 4 °C. The 

culture supernatants were stored at -80 °C until use. 

ELISAs for IFN-γ, IL-12, IL-4, and IL-17 production  
Enzyme-linked immunosorbent assays (ELISAs) 

were used to measure IFNγ, IL-12, IL-4 and IL-17 

cytokine concentrations. In brief, 100 μl of the 

diluted capture antibody with a coating buffer was 

added to the wells of 96-well plates and incubated 

overnight at 4 °C. After washing with 300 μl of 

PBS buffer containing 0.05% Tween 20, blocking 

solution was added to the wells and the plates were 

incubated overnight at 4 °C. After washing, 

various dilutions of the standard and FP-stimulated 

cell supernatants were added to the wells. Then, 

100 μl of the diluted detection antibody was added 

to each well and the plates were incubated at room 

temperature with shaking for 2 h. After that, 100 μl 

of diluted streptavidin-HRP was added to each 

well and the plate was incubated for 30 min at room 
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temperature. After washing, 100 μl of TMB substrate 

solution was added per well and the plate was 

incubated in the dark at room temperature for 15 

minutes. Finally, 50 μl of stop solution was added to 

the wells and their optical densities (ODs) were 

measured on an ELISA reader at 450 nm with 

background subtraction at 630 nm. 

Antibody isotype assay 

Blood was collected before killing the mice, and their 

serum was isolated and stored at -20 ° C. IgG2a, IgG2b, 

and IgG1 titers were measured by ELISAs according to 

the manufacturer's instructions (Invitrogen Inc., USA). 

A 96-well plate was coated with 100 μl of PBS buffer 

containing 5 μg of the FP per well and incubated 

overnight at 4 °C. After washing, the wells were 

blocked with 200 μl of blocking buffer containing 2% 

BSA per well and incubated overnight at 4 °C. Serum 

samples diluted 1/200, 1/2,000, and 1/20,000 were 

added to the wells. After washing, 100 μl of the 

detection antibodies were added to the wells and the 

plate was incubated at room temperature with shaking 

for 2 h. After washing, 100 μl of TMB substrate solution 

was added to each well, the plate was incubated for 15 

minutes at room temperature, and 50 μl of stop solution 

was added to each well. Optical densities were 

measured on an ELISA reader at 450 nm with 

background subtraction at 630 nm. 

Statistical Analysis 

One-way analysis of variance (ANOVA) was used to 

compare the control and experimental groups, and the 

Tukey-Kramer test was used to compare each two 

groups using SPSS (version 16). P < 0.05 was 

considered significant. 

Results 
Fusion protein characterization 

The expressed fusion protein contained 642 amino 

acids with an isoelectric pH of 4.74 and a molecular 

weight of about 70 kDa. After Ni-NTA purification 

and dialysis with 10 mM histidine buffer, the fusion 

protein concentration was determined to be 1 mg/ml 

via the BCA method. 

Liposome characterization 

The liposomes particle sizes, zeta potentials, and 

polydispersity indexes are shown in Table 1. The 

Lip (DOTAP/CHOL) empty control liposome size 

was about 268 nm. However, fusion protein 

encapsulation increased the size significantly. This 

could be due to the negatively-charged nature of the 

fusion protein at pH 6.5 (pI 4.74), which 

electrostatically interacts with the positively-

charged DOTAP liposomes from both inside and 

outside the liposome bilayer. Interaction from 

outside could mediate liposome aggregation. 

The Lip (DOTAP/CHOL) empty control 

liposome zeta potential was 65.8 mV, which is due 

to the positively charged DOTAP in the 

formulation. Encapsulation of the fusion protein in 

the liposomes reduced the zeta potential. This 

reduction correlated with the percent encapsulation 

(Table 1). subtraction at 630 nm. 

Liposomal encapsulation efficiency 

The fusion protein encapsulation efficiencies in the 

Lip (DOTAP/CHOL/FP) and Lip 

(DOTAP/TDB/CHOL/FP) liposomal formulations 

were 80 and 69%, respectively (Table 1). This high 

efficiency is due to the negatively-charged fusion 

protein at pH 6.5 (pI 4.74) electrostatically 

interacting with the positively-charged DOTAP 

liposomes from both inside and outside the 

liposome bilayer. 

Cytokine assay 

The IFN-γ levels in all the vaccinated groups, 

except for the FP group, were significantly greater 

than that of the control histidine buffer group (P < 

0.05). The greatest IFN-γ concentration was 

observed in the BCG-primed group that was 

boosted with Lip (DOTAP/CHOL/FP) [BCG /Lip 

(DOTAP/CHOL/FP)], Fig. 1A, lane 8). Although 

the IFN-γ concentration was greater in the mice 

that received the encapsulated fusion protein, the 

difference was not significant (P > 0.05). In 

addition, all groups except the FP group produced 

significantly more IL-12 than the group that 

received histidine buffer alone (P < 0.05, Fig. 1B). 

IL-17 production was significantly greater in all 

mouse groups than in the histidine buffer and FP 

control groups. The greatest IL-17 concentrations 

were observed in the Lip (DOTAP/CHOL/FP), 

Lip (DOTAP/TDB/CHOL/FP), and BCG /Lip 

(DOTAP/CHOL/FP) groups (Fig. 1C, lane 6,7 and 

8). IL-4 was significantly greater in all the groups 

than in the histidine buffer control group (P < 0.05). 
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Furthermore, all the groups except for the Lip 

(DOTAP/CHOL) and Lip (DOTAP/CHOL/FP) 

groups produced significantly more IL-4 than the 

FP group (Fig. 1D). 
 

 
Fig. 1. Cytokine concentrations in immunized mice three weeks after the last injection. Mice were immunized three times at two-week intervals. 

Their spleens were removed and the splenocytes were cultured and stimulated in vitro with the HspX, PPE44, EsxV fusion protein (FP) (5 μg/ml). 

IFN-γ (A), IL-17 (B), IL-12 (C), and IL-4 (D) concentrations in splenocyte supernatants were measured by sandwich ELISAs after 72 h of in vitro 

incubation. S: Significant difference with Histidine Buffer control group.  

(DOTAP, Dioleoyl-trimethylammonium-propane; TDB, Trehalose6, 6’-dibehenate; CHOL, Cholesterol; FP, Fusion protein; BCG, Bacillus 

Calmette Guerin).   

 

Antibody evaluation 

To assess the immune responses of mice, besides 

measuring cytokines, we also measured IgG1 

antibody associated with humoral immune 

responses, and IgG2a and IgG2b associated with 

cellular immune responses with serum dilutions 

of 1/200, 1/2,000, and 1/20,000 (Fig. 2). In this 

study, the IgG1 titers were significantly greater 

in all the groups than in the histidine buffer 

control group (P < 0.005, Fig. 2A). The greatest 

IgG2a antibody titers were observed in the Lip  

 

 

(DOTAP/TDB/CHOL/FP) and BCG /Lip 

(DOTAP/CHOL/FP) (Fig. 2B, lane 7 and 8). 

IgG2a was also significantly greater in all the 

groups than in the histidine buffer control group 

(P < 0.005) (Fig. 2B). IgG2b was significantly 

greater in the BCG /Lip (DOTAP/CHOL/FP), 

Lip (DOTAP/TDB/CHOL/FP) and Lip 

(DOTAP/CHOL/FP) groups than in the histidine 

buffer and FP control groups (Fig. 2C, lane 6,7 

and 8). 

 

 

D 

A 

B 
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Fig. 2. IgG1 (A), IgG2a (B), and IgG2b (C) titers in sera of immunized BALB/c mice. Mice were immunized subcutaneously three times 

at two-week intervals. Blood samples were collected from the mice three weeks after the last Injection. The IgG1, IgG2a, and IgG2b titers 

were determined by ELISAs. The assays were performed in triplicate at 200, 2,000 and 20,000 -fold dilutions for each serum sample. 

 S: Significant difference with Histidine Buffer control group.  

(DOTAP, Dioleoyl-trimethylammonium-propane; TDB, Trehalose6, 6’-dibehenate; CHOL, Cholesterol; FP, Fusion protein; BCG, 

Bacillus Calmette Guerin).   
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No significant differences were seen between the 

other groups and these controls (Fig. 2C). The 

IgG2a/IgG1 ratio was greater in the Lip 

(DOTAP/TDB/CHOL/FP), Lip 

(DOTAP/CHOL/FP), Lip (DOTAP/CHOL), and 

BCG/DOTAP/CHOL/FP groups than in the histidine 

buffer and FP controls, indicating a cellular immune 

response. The greatest IgG2a/IgG1 ratios at all three 

dilutions were observed in the BCG /Lip 

(DOTAP/CHOL/FP) (Table 3). 

 
 

Table 3. IgG2a/IgG1 ratios of diluted serum from immunized mice (OD: 450 nm-630 nm). 

1/20000 1/2000 1/200 Injection groups 

1.33 1.31 1.55 Histidine Buffer 

0.91 1.18 1.34 FPa 

1.4 1.9 2.08 BCGb 

1.15 1.33 1.44 BCG/FP 

3 2.73 1.46 Lipc (DOTAPd/CHOLe) 

2.87 2.4 2.03 Lip (DOTAP/CHOL/ FPd)  

3.1 3 2.34 Lip (DOTAP /TDBf/CHOL / FP)  

3.39 3.23 2.36 BCG + Lip (DOTAP/CHOL/ FP)  
aFusion Protein bBacillus Calmette Guerin cLiposome dDioleoyl-trimethylammonium-propane e Cholesterol f Trehalose6, 6’-dibehenate  

 

Discussion 
Currently, the only effective TB vaccine is the BCG. 

BCG is an attenuated Mycobacterium bovis strain 

that can protect against many childhood forms of 

TB, but not against pulmonary TB (PTB) in adults 

(18). Therefore, to control the disease a more 

efficient TB vaccine is required. Vaccines under 

study include subunit vaccines, which contain Mtb 

immunodominant antigens (19). These vaccines 

may be BCG replacements or boosters (23). In 

addition, subunit vaccines can be used post-

exposure to prevent active TB (20). In this study, a 

subunit TB vaccine was constructed using HspX, 

EsxV, and PPE44, which are expressed in the early 

and dormant stages of the infection. HspX is 

associated with latent tuberculosis infection (LTBI) 

and is produced during early log-phase growth. 

Therefore, HspX is a rational vaccine target antigen 

that can stimulate the immune system during early 

and latent infections (21). 

EsxV is an acute phase antigen. ESX secretion 

system proteins are important members of the 

ESAT-6 family (22). This protein family may be 

important for vaccine purposes; for example EsxV 

and EsxW have been reported as T cell targets in TB 

patients (23). Furthermore, these proteins have been 

suggested as vaccine candidates for boosting BCG 

(24). PPE44, also an acute phase antigen, belongs to 

the Pro-Pro-Glu (PPE) protein family, and is less  

 

abundant in the BCG vaccine than in H37Rv Mtb. 

Recent studies have examined the function, 

immunogenicity, and antigenic properties of 

PPE44 (7, 25). The purpose of this study was to 

evaluate the immunogenicity of a multistage 

tuberculosis vaccine using a combination of an 

early, latent, and acute phase antigens to target all 

TB stages. It has been shown that administration 

of the purified recombinant proteins alone does 

not sufficiently stimulate the immune system to 

provide protective long-term immunity. (26). It 

was previously shown that liposomes vaccine 

adjuvants have immunomodulatory effects (20). 

Cationic liposomes, containing DOTAP have 

been studied in combination with various 

immunomodulators including TDB (20). 

DOTAP has also been used as an adjuvant to 

enhance peptide or protein antigens 

immunogenicity and to produce Th1 and 

cytotoxic T lymphocyte (CTL) responses (27). 

This cationic lipid has been used in TB vaccine 

development (28-30).  

In the present study, besides providing an 

optimal method to express and purify the 

recombinant fusion protein of Mtb (9), we 

investigated the immunogenicity of this protein 

with liposomes contain DOTAP with and without 

TDB adjuvants.  
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The encapsulation efficiency in two groups was 

high considering the positively charged liposome 

and the negatively charged protein; however, 

encapsulation efficiency was greater in the Lip 

(DOTAP/CHOL/FP) formulation than Lip 

(DOTAP/TDB/CHOL/FP) formulation. Thus, the 

positive charge on the liposome strongly enhances 

their uptake by macrophages and dendritic cells 

(10) Based on previous studies (10, 33), we kept 

the DOTAP concentration at 4 mol/ml (2.79 g/l) 

and the fusion protein concentration at 1mg/ml in 

the various liposomal formulations. 

Increasing the liposome size and immune 

response in the Lip (DOTAP/TDB/CHOL/FP) 

group is due to the TDB adjuvant in this 

formulation. Therefore, the combination of 

DOTAP and TDB induces a strong immune 

response. Studies on animal and human models 

have shown that IFN-γ, produced by Th1 cells, is 

the most important cellular immune cytokine in 

stimulating a protective response against Mtb. In 

addition, IL-12, produced by macrophages and 

dendritic cells in response to Mtb infection, has a 

major role in driving naive T cells toward the Th1 

phenotype (34). In our study, the highest IFN-γ and 

IL-12 concentrations were observed in the BCG-

primed group that was boosted with Lip 

(DOTAP/CHOL/FP) [BCG /Lip 

(DOTAP/CHOL/FP)] (Figs. 1A and 1B). 

In the BCG-primed group that was boosted 

with FP, (BCG/FP) , a slight increase in the 

production of these two cytokines was seen. 

Therefore, it seems that the fusion protein alone is 

relatively ineffective as a booster. 

In the present study, IL-17 production was high 

in all groups except for the histidine buffer and FP 

groups, especially in the Lip (DOTAP/CHOL/FP), 

Lip (DOTAP/TDB/CHOL/FP), and BCG /Lip 

(DOTAP/CHOL/FP) groups (Fig. 1C). The highest 

IL-17 level was observed in Lip 

(DOTAP/TDB/CHOL/FP) group. Therefore, it 

seems that TDB strongly stimulates antigen 

presenting cells (APCs) and subsequently induces 

potent Th1/Th17 responses (17). In addition, 

according to the study Becattini and co-workers, 

Th1 cells may be produced indirectly from Th17 

cells (35). It has also been reported that IL-17 can act 

as an effector molecule against Mtb infection (36). 

Unlike Th1 and Th17 lymphocytes, Th2 

lymphocytes  suppress Th1 responses via IL-4 

production; therefore, IL-4 can contribute to the 

spread of tuberculosis (37). However, the relatively 

low Th2 response seems to prevent 

immunopathological effects and balance the host's 

immune system after the infection. In this study, 

high IL-4 production was observed in the BCG-

primed and Lip (DOTAP/TDB/CHOL/FP) groups. 

Our study and others indicate that the Th1 response 

is associated with a low Th2 response. (38, 39). 

It is not yet clear whether humoral immunity is 

effective in protecting against TB. Lu et al. 

reported that IgG production in LTBI subjects is 

more effective in inhibiting TB than antibodies 

produced in individuals with active TB (40); 

therefore, it is likely that antibodies play at least 

some part in the immune response, such as 

preventing the development of TB or the 

conversion of latent into active TB. Additionally, 

antibodies protect against intracellular pathogens 

by immunomodulation via Fc receptor 

phagocytosis (40, 41) Considering that IgG1 is 

related to immune humoral, and IgG2a and IgG2b 

are related to cellular immunity, in our study the 

abundance and ratios of these antibodies indicate 

that the immune response is slanted toward the 

cellular arm. 

 Our results indicate that Lip 

(DOTAP/CHOL/FP) and Lip 

(DOTAP/TDB/CHOL/FP) liposomes alone or as 

boosters for BCG are suitable formulations for 

inducing the Th1 pathway. However, further 

research is needed. Lack of an animal challenge 

model is a limitation of the present study. 

Acknowledgment 
The financial support of the Nanotechnology 

Research Center and Biotechnology Research 

Center, Institute of Pharmaceutical Technology, 

Mashhad University of Medical Sciences (Grant 

No. 950178) is gratefully acknowledged. This 

study was part of the Ph.D. thesis of 

DavoodMansury that was done in 

Nanotechnology Research Center and 

Antimicrobial Resistance Research Center, 

MUMS, Iran. 

The authors report no conflicts of interest. The 

authors alone are responsible for the content and 

writing of this article. 

 [
 D

ow
nl

oa
de

d 
fr

om
 o

ld
.r

bm
b.

ne
t o

n 
20

26
-0

6-
15

 ]
 

                             8 / 11

file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_10
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_10
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_33
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_34
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_17
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_35
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_36
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_37
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_38
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_39
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_40
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_40
file:///C:/Users/Administrator/Downloads/article%20A-10-177-1--atch-535.docx%23_ENREF_41
http://old.rbmb.net/article-1-248-en.html


Encapsulated liposomal formulations by fusion protein, as a TB vaccine candidate 

164         Rep. Biochem. Mol. Biol, Vol.7, No.2, Jan 2019 

References 
1. World Health Organization (WHO). Global 

Tuberculosis Report 2017. 

http://www.who.int/tb/publications/global_report/e

n/. Published, December 2017. Accessed January 

15, 2018 

2. van Dissel JT, Joosten SA, Hoff ST, Soonawala D, 

Prins C, Hokey DA, et al. A novel liposomal adjuvant 

system, CAF01, promotes long-lived Mycobacterium 

tuberculosis-specific T-cell responses in human. 

Vaccine. 2014;32(52):7098-107. 

3. Ottenhoff TH, Kaufmann SH. Vaccines against 

tuberculosis: where are we and where do we need to 

go? PLoS pathogens. 2012;8(5):e1002607. 

4. Xin Q, Niu H, Li Z, Zhang G, Hu L, Wang B, et 

al. Subunit vaccine consisting of multi-stage antigens 

has high protective efficacy against Mycobacterium 

tuberculosis infection in mice. PloS one. 

2013;8(8):e72745. 

5. for Tuberculosis WMCV, Group S. Developing 

whole mycobacteria cell vaccines for tuberculosis: 

workshop proceedings, Max Planck Institute for 

Infection Biology, Berlin, Germany, July 9, 2014. 

Vaccine. 2015;33(26):3047-55. 

6. Teutschbein J, Schumann G, Möllmann U, 

Grabley S, Cole ST, Munder T. A protein linkage 

map of the ESAT-6 secretion system 1 (ESX-1) of 

Mycobacterium tuberculosis. Microbiological 

research. 2009;164(3):253-9. 

7. Cuccu B, Freer G, Genovesi A, Garzelli C, Rindi 

L. Identification of a human immunodominant T-cell 

epitope of Mycobacterium tuberculosis antigen 

PPE44. BMC microbiology. 2011;11(1):167. 

8. Caccamo N, Meraviglia S, La Mendola C, Bosze 

S, Hudecz F, Ivanyi J, et al. Characterization of HLA‐
DR‐and TCR‐binding residues of an 

immunodominant and genetically permissive peptide 

of the 16‐kDa protein of Mycobacterium 

tuberculosis. European journal of immunology. 

2004;34(8):2220-9. 

9. Amini Y, Tafaghodi M, Amel Jamehdar S, 

Moradi B, Sankian M. Heterologous Expression, 

Purification, and Characterization of the HspX, 

Ppe44, and EsxV Proteins of Mycobacterium 

tuberculosis. Reports of Biochemistry and Molecular 

Biology. 2018;6(2):125-30. 

10.   Firouzmand H, Badiee A, Khamesipour A, 

Shargh VH, Alavizadeh SH, Abbasi A, et al.  

 

 

Induction of protection against leishmaniasis in 

susceptible BALB/c mice using simple DOTAP 

cationic nanoliposomes containing soluble 

Leishmania antigen (SLA). Acta tropica. 

2013;128(3):528-35. 

11.   Shargh VH, Jaafari MR, Khamesipour A, 

Jaafari I, Jalali SA, Abbasi A, et al. Liposomal SLA 

co-incorporated with PO CpG ODNs or PS CpG 

ODNs induce the same protection against the 

murine model of leishmaniasis. Vaccine. 

2012;30(26):3957-64. 

12.   Henriksen-Lacey M, Christensen D, Bramwell 

VW, Lindenstrøm T, Agger EM, Andersen P, et al. 

Liposomal cationic charge and antigen adsorption are 

important properties for the efficient deposition of 

antigen at the injection site and ability of the vaccine 

to induce a CMI response. Journal of controlled 

release. 2010;145(2):102-8. 

13.   Christensen D, Korsholm KS, Andersen P, 

Agger EM. Cationic liposomes as vaccine adjuvants. 

Expert review of vaccines. 2011;10(4):513-21. 

14.   Brgles M, Habjanec L, Halassy B, Tomašić J. 

Liposome fusogenicity and entrapment efficiency of 

antigen determine the Th1/Th2 bias of antigen-

specific immune response. Vaccine. 

2009;27(40):5435-42. 

15.   Bainor A, Chang L, McQuade TJ, Webb B, 

Gestwicki JE. Bicinchoninic acid (BCA) assay in 

low volume. Analytical biochemistry. 

2011;410(2):310-2. 

16.  Feitosa E, Barreleiro P, Olofsson G. Phase 

transition in dioctadecyldimethylammonium 

bromide and chloride vesicles prepared by different 

methods. Chemistry and Physics of Lipids. 

2000;105(2):201-13. 

17.   Hojatizade M, Badiee A, Khamesipour A, 

Mirshafiey A, Akhtari J, Mehravaran A, et al. 

DDA/TDB liposomes containing soluble 

Leishmania major antigens induced a mixed 

Th1/Th2 immune response in BALB/c mice. 

Nanomedicine Journal. 2017;4(2):71-82. 

18.   Meerak J, Wanichwecharungruang SP, Palaga 

T. Enhancement of immune response to a DNA 

vaccine against Mycobacterium tuberculosis Ag85B 

by incorporation of an autophagy inducing system. 

Vaccine. 2013;31(5):784-90. 

19.   Farsiani H, Mosavat A, Soleimanpour S, 

Sadeghian H, Eydgahi MRA, Ghazvini K, et al. Fc-

 [
 D

ow
nl

oa
de

d 
fr

om
 o

ld
.r

bm
b.

ne
t o

n 
20

26
-0

6-
15

 ]
 

                             9 / 11

http://old.rbmb.net/article-1-248-en.html


Mansury D et al 

     Rep. Biochem. Mol. Biol, Vol.7, No.2, Jan 2019    163 

based delivery system enhances immunogenicity of 

a tuberculosis subunit vaccine candidate consisting of 

the ESAT-6: CFP-10 complex. Molecular 

BioSystems. 2016;12(7):2189-201. 

20.   Garg NK, Dwivedi P, Jain A, Tyagi S, Sahu T, 

Tyagi RK. Development of novel carrier (s) 

mediated tuberculosis vaccine: more than a tour de 

force. European Journal of Pharmaceutical Sciences. 

2014;62:227-42. 

21.   Cunningham AF, Spreadbury CL. 

Mycobacterial stationary phase induced by low 

oxygen tension: cell wall thickening and localization 

of the 16-kilodalton α-crystallin homolog. Journal of 

bacteriology. 1998;180(4):801-8. 

22.   Uplekar S, Heym B, Friocourt V, Rougemont J, 

Cole ST. Comparative genomics of Esx genes from 

clinical isolates of Mycobacterium tuberculosis 

provides evidence for gene conversion and epitope 

variation. Infection and immunity. 

2011;79(10):4042-9. 

23.   Bertholet S, Ireton GC, Kahn M, Guderian J, 

Mohamath R, Stride N, et al. Identification of human 

T cell antigens for the development of vaccines 

against Mycobacterium tuberculosis. The Journal of 

Immunology. 2008;181(11):7948-57. 

24.   Bertholet S, Ireton GC, Ordway DJ, Windish 

HP, Pine SO, Kahn M, et al. A defined tuberculosis 

vaccine candidate boosts BCG and protects against 

multidrug-resistant Mycobacterium tuberculosis. 

Science translational medicine. 

2010;2(53):53ra74-53ra74. 

25.   Bonanni D, Rindi L, Lari N, Garzelli C. 

Immunogenicity of mycobacterial PPE44 (Rv2770c) 

in Mycobacterium bovis BCG-infected mice. Journal 

of medical microbiology. 2005;54(5):443-8. 

26.   O’Hagan DT, De Gregorio E. The path to a 

successful vaccine adjuvant–‘the long and winding 

road’. Drug discovery today. 2009;14(11):541-51. 

27.   Kastner E, Hussain MJ, Bramwell VW, 

Christensen D, Perrie Y. Correlating liposomal 

adjuvant characteristics to in‐vivo cell‐mediated 

immunity using a novel Mycobacterium tuberculosis 

fusion protein: a multivariate analysis study. Journal 

of Pharmacy and Pharmacology. 2015;67(3):450-63. 

28.   Henriksen-Lacey M, Christensen D, Bramwell 

VW, Lindenstrøm T, Agger EM, Andersen P, et al. 

Comparison of the depot effect and immunogenicity 

of liposomes based on 

dimethyldioctadecylammonium (DDA), 3β-[N-(N′, 

N′-dimethylaminoethane) carbomyl] cholesterol 

(DC-Chol), and 1, 2-dioleoyl-3-trimethylammonium 

propane (DOTAP): prolonged liposome retention 

mediates stronger Th1 responses. Molecular 

pharmaceutics. 2010;8(1):153-61. 

29.   de la Torre LG, Rosada RS, Trombone APF, 

Frantz FG, Coelho-Castelo AA, Silva CL, et al. The 

synergy between structural stability and DNA-

binding controls the antibody production in 

EPC/DOTAP/DOPE liposomes and 

DOTAP/DOPE lipoplexes. Colloids and Surfaces B: 

Biointerfaces. 2009;73(2):175-84. 

30.   Rosada RS, Silva CL, Santana MHA, Nakaie 

CR, de la Torre LG. Effectiveness, against 

tuberculosis, of pseudo-ternary complexes: Peptide-

DNA-cationic liposome. Journal of colloid and 

interface science. 2012;373(1):102-9. 

31.   Davidsen J, Rosenkrands I, Christensen D, 

Vangala A, Kirby D, Perrie Y, et al. Characterization 

of cationic liposomes based on 

dimethyldioctadecylammonium and synthetic cord 

factor from M. tuberculosis (trehalose 6, 6′-

dibehenate) - a novel adjuvant inducing both strong 

CMI and antibody responses. Biochimica et 

Biophysica Acta (BBA)-Biomembranes. 

2005;1718(1):22-31. 

32.   Nakanishi T, Kunisawa J, Hayashi A, Tsutsumi 

Y, Kubo K, Nakagawa S, et al. Positively charged 

liposome functions as an efficient immunoadjuvant 

in inducing cell-mediated immune response to 

soluble proteins. Journal of controlled release. 

1999;61(1-2):233-40. 

33.   Chen W, Yan W, Huang L. A simple but 

effective cancer vaccine consisting of an antigen and 

a cationic lipid. Cancer Immunology, 

Immunotherapy. 2008;57(4):517-30. 

34.   Bhatt K, Salgame P. Host innate immune 

response to Mycobacterium tuberculosis. Journal of 

clinical immunology. 2007;27(4):347-62. 

35.   Becattini S, Latorre D, Mele F, Foglierini M, De 

Gregorio C, Cassotta A, et al. Functional 

heterogeneity of human memory CD4+ T cell clones 

primed by pathogens or vaccines. Science. 

2015;347(6220):400-6. 

36.   Khader SA, Bell GK, Pearl JE, Fountain JJ, 

Rangel-Moreno J, Cilley GE, et al. IL-23 and IL-17 

in the establishment of protective pulmonary CD4+ 

T cell responses after vaccination and during 

165 

 [
 D

ow
nl

oa
de

d 
fr

om
 o

ld
.r

bm
b.

ne
t o

n 
20

26
-0

6-
15

 ]
 

                            10 / 11

http://old.rbmb.net/article-1-248-en.html


Encapsulated liposomal formulations by fusion protein, as a TB vaccine candidate 

164         Rep. Biochem. Mol. Biol, Vol.7, No.2, Jan 2019 

Mycobacterium tuberculosis challenge. Nature 

immunology. 2007;8(4):369. 

37.  Rook GA, Hernandez-Pando R, Dheda K, 

Seah GT. IL-4 in tuberculosis: implications for 

vaccine design. Trends in immunology. 

2004;25(9):483-8. 

38. Demissie A, Abebe M, Aseffa A, Rook G, 

Fletcher H, Zumla A, et al. Healthy individuals that 

control a latent infection with Mycobacterium 

tuberculosis express high levels of Th1 cytokines 

and the IL-4 antagonist IL-4δ2. The Journal of 

Immunology. 2004;172(11):6938-43.

39.  Ordway DJ, Costa L, Martins M, Silveira H, 

Amaral L, Arroz MJ, et al. Increased Interleukin-4 

Production by CD8 and γδl T cells in health-care 

workers is associated with the subsequent 

development of active tuberculosis. Journal of 

Infectious Diseases. 2004;190(4):756-66. 

40. Lu LL, Chung AW, Rosebrock TR, 

Ghebremichael M, Yu WH, Grace PS, et al. A 

functional role for antibodies in tuberculosis. Cell. 

2016;167(2):433-43. e14. 

41.  Jacobs AJ, Mongkolsapaya J, Screaton GR, 

McShane H, Wilkinson RJ. Antibodies and 

tuberculosis. Tuberculosis. 2016;101:102-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

166 

 [
 D

ow
nl

oa
de

d 
fr

om
 o

ld
.r

bm
b.

ne
t o

n 
20

26
-0

6-
15

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            11 / 11

http://old.rbmb.net/article-1-248-en.html
http://www.tcpdf.org

