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Introduction
Tuberculosis (TB) caused by Mycobacterium tuberculosis 
complex (MTBC) remains a leading cause of death from 
infection worldwide.1 As an important member of MTBC, 
Mycobacterium bovis causes bovine tuberculosis and 
shares more than 99% nucleotide homologies with M. 
tuberculosis.2 It also infects humans, M. bovis accounts 
for 1.4% to 28% of human TB cases in different countries 
and regions.3 The only licensed human TB vaccine BCG 

(bacillus-Calmette-Guérin) protects children from 
disseminated TB, however, BCG-elicited efficacy in 
preventing pulmonary TB in adults varies widely.4 Despite 
some progress has been made in the tuberculosis vaccine, 
attempts to enhance immunity for the control of TB by 
vaccination have been disappointing.5 Therefore, the 
development of improved effective vaccines is a critical 
step toward controlling tuberculosis.

One important factor that may limit the effectiveness of 
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Abstract
Introduction: The limited efficacy 
of BCG (bacillus Calmette–
Guérin) urgently requires new 
effective vaccination approaches 
for the control of tuberculosis. Poly 
lactic-co-glycolic acid (PLGA) is 
a prevalent drug delivery system. 
However, the effect of PLGA-
based nanoparticles (NPs) against 
tuberculosis for the induction of 
mucosal immune response is no 
fully elucidated. In this study, we hypothesized that intranasal immunization with culture filtrate 
protein-10 (CFP10)-loaded PLGA NPs (CFP10-NPs) could boost the protective immunity of BCG 
against Mycobacterium bovis in mice. 
Methods: The recombinant protein CFP10 was encapsulated with PLGA NPs to prepare CFP10-
NPs by the classical water–oil-water solvent-evaporation method. Then, the immunoregulatory 
effects of CFP10-NPs on macrophages in vitro and on BCG-immunized mice in vivo were 
investigated.
Results: We used spherical CFP10-NPs with a negatively charged surface (zeta-potential −28.5 ± 
1.7 mV) having a particle size of 281.7 ± 28.5 nm in diameter. Notably, CFP10-NPs significantly 
enhanced the secretion of tumor necrosis factor α (TNF-α) and interleukin (IL)-1β in J774A.1 
macrophages. Moreover, mucosal immunization with CFP10-NPs significantly increased TNF-α 
and IL-1β production in serum, and immunoglobulin A (IgA) secretion in bronchoalveolar lavage 
fluid (BALF), and promoted the secretion of CFP10-specific interferon-γ (IFN-γ) in splenocytes 
of mice. Furthermore, CFP10-NPs immunization significantly reduced the inflammatory area and 
bacterial load in lung tissues at 3-week post-M. bovis challenge. 
Conclusion: CFP10-NPs markedly improve the immunogenicity and protective efficacy of BCG. 
Our findings explore the potential of the airway mucosal vaccine based on PLGA NPs as a vehicle 
for targeted lung delivery.
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Materials and Methods
Materials
PLGA polymer (the ratio of lactide: glycolide feed was 
50:50, Mw: 10 kDa) was purchased from Jinan Daigang 
Biomaterial Co., Ltd., Shandong, China. The Ni2+ 
Sepharose High Performance was purchased from GE 
Healthcare Life Sciences (Piscataway, NJ). The isopropyl-
β-D-thiogalactopyranoside (IPTG) was purchased from 
Solarbio Life Sciences (Beijing, China). The oleic acid-
albumin-dextrose-catalase (OADC) enrichment solution 
was from BD Biosciences (New York, NY, USA), and 7H9 
and 7H10 Middlebrook media were from Difco (New 
York, NY, USA). The mouse monoclonal His-tag antibody 
was purchased from Proteintech (Wuhan, Hubei, China). 
Mouse TNF-α, Il-1β, IFN-γ, IgG, and IgA ELISA (enzyme-
linked immunosorbent assay) kits were purchased from 
Neobioscience Technology (Shenzhen, Guangdong, 
China). The micro-BCA protein assay kit was purchased 
from Thermo Fisher Scientific (Carlsbad, CA, USA).

Mice
Specific-pathogen-free 6–8-week-old female BALB/c 
mice were purchased from specific pathogen-free (SPF) 
Biotechnology (Beijing, China). The mice were kept 
in the Biosafety Level 3 (BSL3) laboratory of China 
Agricultural University. The mice were received with 
food and water ad libitum and were acclimated for 7 
days before the experiments. The experiments were 
carried out in accordance with the Chinese Regulations 
of Laboratory Animals—The Guidelines for the Care of 
Laboratory Animals (Ministry of Science and Technology 
of the People’s Republic of China) and Laboratory Animal 
Requirements of Environment and Housing Facilities (GB 
14925–2010, National Laboratory Animal Standardization 
Technical Committee).

Bacterial culture
BCG (Pasteur strain) and virulent M. bovis Beijing 
strain C68004 were cultured in 7H9 Middlebrook 
broth supplemented with 2 g/L sodium pyruvate, 0.05% 
Tween-80, and 10% OADC enrichment solution at 37oC 
in BSL3 laboratory. The cultured BCG was frozen at ～3 
× 108 CFU/mL (colony-forming unit per milliliter) and 
stored at −80 °C. BCG was thawed and diluted in cold PBS 
before injection. Sterile glycerol (10%) was added to the 
M. bovis culture in the log growing phase, and frozen at 
~3 × 108 CFU/mL, and stored at −80 °C until needed for 
infection. 

Preparation of CFP10-NPs
CFP10 was produced in and purified from Escherichia 
coli host BL21 (DE3). The recombinant E. coli strain 
pET30 (a)-CFP10-BL21 in log growing phase (OD 0.6– 
0.8) were cultured in Luria-Bertani (LB) medium with 
kanamycin (50 μg/mL) and induced by 1mM IPTG at 

BCG is the loss of antigenic composition RD1 region which 
includes the early secretory antigen target 6 kDa protein 
(ESAT6) and the culture filtrate protein-10 (CFP10), 
and other ones involved in ESAT6/CFP10 secretion.6 
CFP10 is one of the most immunogenic proteins of M. 
tuberculosis.7-9 Therefore, subunit vaccines based upon 
ESAT6 or CFP10 are commonly used in heterologous 
BCG-prime-boost strategy for tuberculosis vaccine, some 
of them have been on the stage of clinical trials.7-10 The 
main advantages of subunit vaccination are properties 
like safety, stability, less toxicity and enhancement of 
immunogenicity and protection.11 However, many factors 
which may interfere with antigen presentation and T cell 
response affect the protective efficacy of the TB subunit 
vaccine.12 Thus, the selection of antigens and efficient 
antigens delivery vehicles are crucial factors towards the 
effectiveness of the vaccine. 

Increasing evidence suggests that nanoparticles (NPs) 
have been utilized as vaccine-delivery vehicles to boost 
vaccine efficacy.13,14 One of the most commonly used 
NP materials is poly (lactic-co-glycolic acid) (PLGA).14 
Previous studies have demonstrated that antigen-loaded 
PLGA NPs could evoke a cell-mediated immune response 
and boost protection against intracellular bacterium 
M. tuberculosis and Listeria monocytogenes in mouse 
models.15-17 It has been studied that single-dose H1-PLGA 
NPs containing antigen 85B (Ag85B) and ESAT6 offered 
long-term protection against M. tuberculosis.17 Similarly, 
PLGA NPs improved the immunogenicity of HspX/EsxS 
(a multistage subunit TB vaccine).18 Ovalbumin (OVA)-
loaded PLGA NPs enhanced the antigen-specific cellular 
and humoral immune responses.15, 19 

M. tuberculosis and M. bovis are typical intracellular 
pathogens that primarily enter the host through the 
respiratory route. Respiratory epithelial cells with 
a covering of mucus on their surface establish an 
important defense barrier against airborne transmitted 
mycobacteria.20 Therefore, vaccines that enhance the 
function of mucosal immunity should be considered 
for developing a novel immunization strategy against 
TB. PLGA has been shown to be an important mucosal 
adjuvant.21-24 An early study has shown that delivery 
of microencapsulated mycobacterial antigen ESAT6 
via intranasal immunization can induce robust cell-
mediated immune responses against M. tuberculosis.25 
Thus, the mucosal immune strategy of the respiratory 
tract involving PLGA NPs and appropriate immunogen 
via the pulmonary route is a promising approach for 
providing protective immunity against tuberculosis. In 
the current study, we evaluated the immunogenicity and 
protective efficacy of CFP10-encapsulated PLGA NPs 
(CFP10-NPs). CFP10-NPs were first characterized for 
physicochemical and morphological properties, and their 
immunomodulatory properties were investigated in a 
mouse model. 
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37°C for 4 hours. The cells were harvested and broken by 
probe sonication at 80 W for 20 minutes in an ice bath 
and soluble CFP10 was purified by Ni2+ chromatography. 
Finally, we measured protein concentrations using a BCA 
protein assay kit (Beyotime, Nanjing, China), analyzed 
the purity by scanning stained gels, and confirmed CFP10 
by western blot using an anti-His antibody. Briefly, the 
purified CFP10 was separated by SDS-PAGE, and the 
gels were stained with Coomassie blue or transferred to 
the nitrocellulose (NC) membrane. The membrane was 
incubated with the mouse anti-His antibody, followed 
by the goat anti-mouse horseradish peroxidase (HRP) - 
conjugated secondary antibody.

PLGA NPs were prepared using a previously reported 
water-oil-water emulsion technique.17 Briefly, CFP10 
protein solution in PBS as excipient was homogenized 
with 3.2% w/v PLGA in dichloromethane. The water-
in-oil emulsion was then added to a 1% w/v solution of 
polyvinyl alcohol (PVA) for the second emulsion step, 
and the water-in-oil-in-water double emulsion was 
added dropwise to 0.5% w/v PVA allowed to evaporate 
at room temperature. The size and zeta-potential of NPs 
were measured by a Zetasizer Nano ZS system (Malvern 
Instruments Ltd., UK). The surface morphology of the 
NPs was studied using scanning electron microscopy 
(EVO40; Carl Zeiss, Jena, Germany). The encapsulation 
efficiency (EE) and loading efficiency (LE) were measured 
using a micro-BCA protein assay kit.17

Cell culture and stimulation
J774A.1 cells were obtained from the Cell Culture Center, 
Peking Union Medical College (Beijing, China) and 
cultured in DMEM containing 10% fetal bovine serum, 
100 U/mL penicillin, and 100 µg/mL streptomycin at 37oC 
with 5% CO2 in a humidified incubator. Then, the cells 

were transferred to 24-well cell culture plates (5×106 cells 
in each well) and cultured for 12 hours. The cells were 
stimulated with CFP10 (10 μg/mL), CFP10-NPs (100 µg/
mL) or PBS-NPs (100 µg/mL) for 24 hours. Untreated 
cells were used as a negative control group. The cell 
culture supernatants were collected to measure the levels 
of cytokines. 

Vaccination and infection of mice
The mice were randomly divided into six groups (10 mice/
group): (1) BCG group; (2) BCG +CFP10 group; (3) BCG 
+CFP10-NP group; (4) BCG +PBS-NP group; (5) M. bovis 
group (infection control); and (6) PBS group (normal 
control). Mice in BCG-vaccinated groups were received 
subcutaneously (s.c.) 106 CFU of BCG in 100 μL of PBS. 
Four weeks after immunization, the BCG-vaccinated mice 
were immunized intranasally (i.n.) with 50 μL of PBS 
containing 0.5 mg CFP10-NPs (25 mg/kg) or PBS-NPs 
(25 mg/kg), or 50 µg CFP10 (2.5 mg/kg) for three times 
with an interval of two weeks. Mice in M. bovis group and 
PBS group mice received intranasally 50 µL of PBS. Four 
weeks after the last immunization, mice were infected 
intranasally with ~1000 CFU of M. bovis in 50 µL of PBS, 
and mice in the PBS group received intranasally 50 µL of 
PBS. The immunization/infection schedule was shown in 
Fig. 1.

Collection of serum and bronchoalveolar lavage fluid 
(BALF)
The mice were euthanized four weeks after the last 
vaccination. Serum was obtained by centrifuging blood 
at 1000 g for 10 minutes at 4°C, and was stored at −80°C 
prior to the TNF-α, IL-1β, and IgG measurements. BALF 
samples were collected to measure IgA secretion. To 
collect BALF, 0.5 mL of ice-cold PBS was flushed into the 

Fig. 1. Schematic representation of mice immunization / infection model. BALB/c mice were immunized subcutaneously (s.c.) with 10 6 CFU of BCG. 
Three weeks before M. bovis infection, mice were immunized intranasally (i.n.) with CFP10 (50 µg/mouse), or PBS-NPs (500 µg/mouse) or CFP10-NPs (500 
µg/mouse) three times every two weeks. Four weeks after the last vaccination, three mice were euthanized to evaluate the immunogenicity of CFP10-NPs. 
The remaining mice except for PBS group mice were infected intranasally with M. bovis. CFU assay was performed to enumerate bacterial load in lungs and 
spleen to evaluate the efficacy of CFP10-NPs after three weeks of infection.
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lungs through a tracheal cannula. This was repeated three 
times to harvest ~1.3 mL of fluid. The fluid recovered from 
each sample was centrifuged (4℃, 1000 g, 10 minutes) to 
obtain supernatants, and the supernatants were kept at 
-80℃ to measure IgA secretion.

Enzyme-linked immunosorbent assay
The concentrations of TNF-α, IL-1β and IgG in serum, 
IgA in BALF, and IFN-γ in a culture supernatant of 
splenocytes were measured by ELISA kits. The level of 
IFN-γ in a culture supernatant of splenocytes stimulated 
with CFP10 (10 μg/mL) for 24 hours was determined 
with an ELISA kit. Briefly, 100 µL samples or standards 
were added to ELISA plates and incubated at 37℃ for 
90 minutes. After that, the plates were incubated with 
100 µL of the detection antibody at 37°C for 60 minutes 
and 100 µL of HRP-conjugated antibody at 37°C for 30 
minutes. The plates were washed with a washing buffer 
for 4 times after each incubation step above. Finally, 100 
µL of the TMB substrate was added and incubated for 15 
min at 37°C in a dark environment. Subsequently, 100 µL 
of the stop solution was added and OD450 nm was measured 
by reading the plates with an ELISA plate reader (Thermo 
Scientific Multiskan FC, Shanghai, China).

CFU assay
CFU assay was performed by plating homogenized lung 
and spleen tissues on a solid medium to enumerate viable 
M. bovis. Tissues were homogenized in 1 mL of 7H9 
Middlebrook broth using a tissue homogenizer apparatus 
(Omni International, Bedford, USA). Tissue homogenates 
were diluted with PBS supplemented with 0.05% Tween-80, 
and serial 10-fold dilutions were plated on 7H10 agar 
plates containing 10% OADC, 20 μg/mL amphotericin 
B, and 20 μg/mL polymyxin B sulfate. An equal volume 
of sample from each dilution was inoculated on plates in 
triplicate and cultured at 37°C. After incubation for 3-4 
weeks, colonies of M. bovis in each culture plate were 
counted.

Lung histopathology
Three weeks after M. bovis infection, left lung, liver, 
and spleen tissues were fixed in 10% normal buffered 
formalin. The fixed tissues were embedded in paraffin, cut 
into thin sections (5 µm), and stained with Hematoxylin 
and eosin (H&E) or acid-fast staining. Inflammatory 
areas of the lungs were quantitatively analyzed under low 
magnification by Image-Pro plus 6.0 software (National 
Institutes of Health, Bethesda, MA, USA). 

Statistical analysis
All data are expressed as mean ± standard deviation (SD). 
Statistical analysis was performed by one-way analysis of 
variance (ANOVA) followed by the Dunnett’s multiple 
comparison test by GraphPad Prism version 7.0 software 

(GraphPad Software Inc., San Diego, CA, USA). Results of 
the flow cytometry were analyzed by the FlowJo software 
version 10 (Treestar, CA, USA). A p-value less than 0.05 
reflected the findings are statistically significant.
 
Results
Physicochemical and morphological characterization of 
CFP10-NPs
The purified CFP10 proteins were identified with 
Coomassie blue staining and western blot. As shown in 
Fig. 2, there was a single major band (>95% purity) at 
the expected molecular size of ~17 kDa on the gel (Fig. 
2A) and on the NC membrane probed using an anti-His-
tag monoclonal antibody (Fig. 2B). Next, CFP10-NPs 
were prepared by a double-emulsion solvent evaporation 
method. Here, we obtained CFP10 protein EE and LE of 
86.5% ±2.9% and 1.8% ± 0.06% (Table 1), respectively. 
Next, we used a micro-BCA kit to estimate the rate of 
CFP10 release from CFP10-NPs at regular intervals under 
in vitro conditions. As shown in Fig. 2C, by 24 hours, 
~36.25% of CFP10 protein had been released into the 
supernatant. Notably, a slow and sustained release of the 
total CFP10 protein was observed on day 14, suggesting 
that CFP10-NPs could slowly release CFP10 over a longer 
duration to stimulate the immune system in vivo. The 
dynamic light scattering of CFP10-NPs suspension on 
the Zetasizer Nano ZS indicated narrow size distribution 
and greater colloidal stability of CFP10-NPs, the mean 
particle diameter was found as 281.7 ± 28.5 nm in PBS, 
and the zeta-potential of these particles was measured as 
−28.5 ± 1.7 mV (Table 1, Fig. 2D-2E). Scanning electron 
microscopy of CFP10-loaded PLGA NPs revealed a 
smooth appearance, globular molecules with no cavities 
(Fig. 2F-2G).

CFP10-NPs induce pro-inflammatory cytokines 
production in macrophages
Inflammatory cytokines are important for the control of 
mycobacterial infection.12 Here, we investigated the role of 
CFP10-NPs on the expression of cytokines TNF-α and IL-
1β in J774A.1 macrophages. J774A.1 macrophages were 
stimulated with CFP10, CFP10-NPs, or PBS-NPs for 24 
hours. As shown in Fig. 3, CFP10-NPs, CFP10, or PBS-
NPs markedly promoted the expression of TNF-α and 
IL-1β compared with untreated cells (Fig. 3A and 3B). 
Moreover, compared with CFP10 or PBS-NPs, CFP10-
NPs significantly increased levels of TNF-α and IL-1β in 
macrophages. These findings suggest that CFP10-NPs 
mediate the secretion of pro-inflammatory cytokines in 
vitro.

CFP10-NPs promote cytokine and IgA production in 
BCG-immunized mice
To further investigate the role of CFP10-NPs on the host 
immune responses, the BCG-immunized mice were 
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vaccinated with CFP10 or CFP10-NPs as described above 
(Fig. 1). After four weeks of the last immunization, the levels 
of cytokine and immunoglobulin in serum, IgA in BALF, 
and CFP10-specific IFN-γ in splenocytes were measured. 
As shown in Fig. 4, CFP10 significantly increased the 
levels of TNF-α and IL-1β in serum. Interestingly, CFP10-
NPs-vaccinated mice exhibited higher levels of TNF-α 
and IL-1β than CFP10 or PBS-NPs-vaccinated mice (Fig. 
4A-4B). Furthermore, there was a significant increase in 
the secretion of CFP10-specific IFN-γ in mice vaccinated 
with CFP10-NPs, whereas CFP10 failed to significantly 
promote the secretion of CFP10-specific IFN-γ (Fig. 4C). 
Moreover, both CFP10 and CFP10-NPs increased the 
production of IgA in BALF, however, CFP10-NPs induced 
a higher level of IgA than CFP10. Surprisingly, PBS-NPs 
also markedly induced IgA secretion (Fig. 4D). However, 
no significant difference was found in IgG production 
among all vaccinated groups (Fig. 4E). 

CFP10-NPs enhances the efficacy of BCG against M. 
bovis
The efficacy of CFP10-NPs was subsequently evaluated in 
mice (Fig. 1). Gross morphology of the spleen appeared 
lesions with variable degrees of swelling in M. bovis-
infected mice, however, the splenomegaly was obviously 
ameliorated in CFP10-NPs-vaccinated mice (Fig. 5A). 
In addition, lung tissues showed the appearance of 
widespread visible grayish-white nodular lesions at 
the third week post-infection in non-vaccinated mice. 
However, fewer lesions were found in lung tissues of 
CFP10 or CFP10-NPs- immunized mice compared with 
BCG control mice (Fig. 5B). Furthermore, the size of 
the inflammatory area in the lungs evaluated by H&E 
staining was shown in Fig. 5C, compared with PBS 
(normal) control, M. bovis infection resulted in numerous 
inflammatory cells surrounding the blood vessels and 
bronchi, these inflammatory cells aggregated and formed 

Fig. 2. Physicochemical and morphological characterization of CFP10-NPs. (A) The purified CFP10 was analyzed using 12% SDS-PAGE followed with 
Coomassie blue staining. The first two line represent samples having purified CFP10 and M represents the protein marker. (B) Western blot was performed 
to identify CFP10 using anti-His-tag antibody. Line M: protein marker. (C) A suspension of CFP10-NPs was prepared in PBS (50 mg/mL) followed by 
incubation at 37 °C for indicated time periods, and then the release profile of CFP10 protein was estimated by micro-BCA assay. (D-E) The physicochemical 
characterization of CFP10-NPs was determined by dynamic light scattering (D) and zeta-potential analysis (E). (F-G) Scanning electron microscopy was 
performed to determine the morphological characterization of CFP10-NPs (F, scale bar: 5 μm; G, scale bar: 500 nm).

Table 1. Characterization of PLGA-NPs with sizes and surface chemistries

PLGA-NPs Size (nm) PDI Zeta Potential (mV) EE (%) LE (%)

PBS-NPs 213.1 ± 19.5 0.15 ± 0.03 −25.4 ± 0.8

CFP10-NPs 281.7 ± 28.5 0.19 ± 0.05 −28.5 ± 1.7 86.5 ± 2.9 1.8 ± 0.06
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the inflammatory and/ or necrosis foci with different 
sizes. However, immunization significantly decreased 
the size of the inflammatory area, and as expected, BCG 
combined with CFP10-NPs significantly reduced the 
percentage of inflammatory area compared with BCG 
control (Fig. 5C, 5G). Additionally, numerous acid-fast 
bacilli (AFB) were observed in the lungs of all immunized 
mice, however, fewer AFB were seen in the lungs of mice 
immunized with CFP10-NPs (Fig. 5D). Similarly, CFU 
enumeration results indicated that BCG combined with 
CFP10-NPs significantly reduced the number of M. bovis 
in both lung and spleen tissues compared with BCG 
control. However, CFP10 or PBS-NPs immunization 
failed to reduce bacterial load to a significant level (Fig. 
5E-5F). In addition, we also performed microscopy of 
H&E stained sections of the liver and spleen. As shown 
in Fig. 6A-6B, multiple inflammation foci were present 

in hepatic lobules after M. bovis infection, however, the 
number of inflammation foci in BCG- immunized groups 
was obviously reduced, and CFP10-NPs immunization 
was beneficial to the reduction of inflammation foci. 
Moreover, we found an uneven distribution of white pulp 
and red pulp, and several inflammation foci in the spleen 
of M. bovis-infected mice. However, a decreased degree of 
lesions in the spleen was observed in mice vaccinated with 
BCG and CFP10-NPs (Fig. 6C-D).

Discussion
Currently, M. bovis-derived BCG vaccine is the only 
available vaccine against tuberculosis and has high 
protective efficacy in children, however, it is not effective 
in reducing the global tuberculosis burden in adults.26 
Therefore, the insufficient efficacy of BCG demands 
new effective vaccines. Increasing evidence suggests that 

Fig. 3. CFP10-NPs induce pro-inflammatory cytokine secretion in macrophages. J774A.1 macrophages were stimulated with CFP10, CFP10-NPs, or 
PBS-NPs for 24 h. (A-B) ELISA assay was performed to determine levels of TNF-α (A) and IL-1β (B). Data represent the mean ± SD from three independent 
experiments (* P < 0.05; ** P < 0.01; *** P < 0.001).

Fig. 4. CFP10-NPs induce cytokine and antibody production in BCG-immunized mice. Mice were euthanized after four weeks of the last vaccination for 
evaluation of cytokine and antibody production. The levels of cytokines and antibodies were determined with ELISA kits (n=4). (A-B) The concentrations of 
TNF-α (A) and IL-1β (B) in serum. (C) The level of CFP10-specific IFN-γ in culture supernatant of splenocytes induced by CFP10. (D-E) Levels of IgA in BALF 
(D) and IgG in serum (E). Data represent the mean ± SD of three independent experiments (* P < 0.05; ** P < 0.01; *** P < 0.001).
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T-cell-mediated immune response plays a critical role in 
controlling tuberculosis. There are several adjuvants such 
as IC31, AS01, and GLA-SE, which induce significant 
levels of antigen-specific Th1 cytokines such as IL-12, 
IFN-γ, or TNF-α as a marker of protective immunity 
against tuberculosis.10, 27 In this milieu, increasing attention 
has focused on the utility of NP-based delivery system for 
next-generation vaccination strategies. Earlier attempts 
were made using mycobacteria immunogenic antigens, 
such as Ag85B, ESAT6, or bivalent fusion protein (Ag85B-
TB10.4), and polymer-based delivery carriers to stimulate 
host immune response. However, the formulations in these 
studies were tested only in the micrometer range,25,28,29 
while PLGA particles in the nanometer size induce 
superior antigen-specific T cell responses compared to 
microparticles.30,31 These earlier formulations were only 
investigated under in vitro conditions that could not 
fulfill the demands for evaluating the efficacy of vaccine 
candidate.28,29 Recently, M. tuberculosis antigens-loaded 
PLGA NPs were administered by subcutaneous18 or 
intraperitoneal 17 routes in a mouse model, and thus it was 
necessary to compare mucosal route and other parenteral 
routes. In the current study, we evaluated the vaccine 
potential of CFP10-NPs after intranasal immunization 
in a mouse model. Our results showed that boosting with 
CFP10-NPs enhanced the immune response of BCG 

against M. bovis in mice by significantly reducing bacterial 
load in lung and spleen tissues.

The structural integrity of the encapsulated protein 
is crucial to the competency of the NP-based vaccine-
delivery system. PLGA NPs are one of the most stable 
particles.13,32 It has been reported that PLGA NPs have 
negative zeta-potential due to their carboxyl groups.33 In 
line with this, we found that CFP10-NPs with a particle size 
of ~280 nm also carried a negative charge (zeta-potential 
−28.5 ± 1.7 mV). Moreover, the shape and morphology 
of NPs are also crucial for their uptake by the immune 
cells. An early study showed that spherical polystyrene 
particles (diameters ~200 nm) conjugated to OVA-
induced stronger Th1 immune and humoral immune 
responses compared to rod-shaped particles in vivo.34 In 
addition, many processes could influence drug release 
in PLGA-based drug delivery systems.35 Ag85B-ESAT6–
loaded PLGA NPs36 released ~75% of the total protein 
on day 14, which was in line with the release profile of 
CFP10-NPs. However, OVA-loaded PLGA NPs released at 
most one-half of their content within one month.37 In line 
with the previous studies, we found that CFP10-NPs met 
the standard demands such as uniform size, shape, and 
controlled protein release for the induction of stronger 
cellular and humoral immune responses.

Reduction in the strength of macrophage differentiation 

Fig. 5. CFP10-NPs enhance the efficacy of BCG against M. bovis.  Mice were vaccinated with CFP10 or CFP10-NPs post BCG-immunization. Lung 
and spleen tissues were collected after three weeks of M. bovis infection (n=6). (A-B) Representative images for gross pathology of spleen (A) and lung (B) 
tissues. (C) H&E staining was performed to evaluate histopathological changes in lungs (images at ×100 magnification, scale bar: 100 μm). M. bovis infection 
resulted in the formation of inflammatory and/ or necrosis foci. (D) The dissemination of M. bovis bacilli were observed in lungs using acid-fast staining 
(images at ×1000 magnification, scale bar: 10 μm). (E-F) CFU in lungs (E) and spleen (F) were determined at three weeks after infection by plating right lung 
and spleen homogenates onto 7H10 plates. (G) The percentage of lung area covered by inflammatory lesions relative to total lung area was measured using 
image-j software. Data shown are representative of six mice per group. Data collected are expressed as the mean ± SD. (* P < 0.05; ** P < 0.01; *** P < 0.001).
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and activation is a major strategy of M. tuberculosis 
immune evasion. Cytokines like TNF-α and IL-1β, 
secreted by the activated macrophages, play an important 
role in TB immunity.12 In our current study, we found 
significant upregulations of TNF-α and IL-1β in CFP10-
NPs-treated macrophages. Similarly, a recent study 
reported that Alhagi honey polysaccharide-based PLGA 
NPs induced over secretion of cytokines in macrophages.38 
Next, we vaccinated BCG-immunized mice with three 
doses of CFP10-NPs to evaluate the efficacy of CFP10-
NPs as a novel vaccine candidate. Notably, we found that 
CFP10-NPs markedly increased the secretion of TNF-α 
and IL-1β, both in ex vivo and in BCG-immunized mice. 
Moreover, the contribution of Th1 cytokines especially 
IFN-γ is highly associated with protective immune 
responses against tuberculosis.12 In this study, we found 
an enhanced CFP10-specific IFN-γ secretion by activated 
splenocytes from CFP10-NPs-immunized mice. Our 
current findings were consistent with previous studies that 
reported that Ag85B-ESAT6–loaded PLGA NPs enhanced 
protective immunity against tuberculosis in mice17 and 
another MOMP (the major outer-membrane protein of 
Chlamydia trachomatis)–based PLGA NPs exhibited high 
immunogenicity in mice.39

M. tuberculosis is an intracellular pathogen, previous 
studies showed that antibodies have no protective role 
against TB.40 However, new evidence indicated that 
antibody-mediated immunity plays an important role 
in cleaning M. tuberculosis.40,41 In addition, it has been 
reported that IgA plays an important role in protective 
immunity against TB, high level of IgA in BALF was 
associated with protection.42 Similarly, our results revealed 
a significant increase in the secretion of IgA induced by 

CFP10 in BALF, and PLGA-NPs further enhanced this 
effect. Our findings of IgA secretion induced by CFP10-
NPs in mice are in line with the previous results observed 
with CFP10-based Ad5-CEAB vaccination.43 In our 
previous study, intranasal infection with a dose of ～1000 
CFU could not kill mice three weeks after infection44, 
thus, the data on animal survival was not collected. 
Inconsistent with reports in most TB vaccine studies,45,46 
we evaluated the protective efficacy of CFP10-NPs by 
determining bacterial load in tissues. In the current 
study, we demonstrated that boosting BCG with CFP10-
NPs significantly enhanced protection against M. bovis 
infection.

It is well documented that M. bovis shares more than 
99% nucleotide homologies with M. tuberculosis,2 and the 
DNA sequences of the CFP10 gene in M. tuberculosis and 
M. bovis are the same. It suggests that M. bovis infection 
model can be exploited in the development of new TB 
vaccine strategies, and CFP10-based vaccines may provide 
protective immunity against M. tuberculosis and M. bovis. 
Collectively, these observations suggest that CFP10-NPs 
might be a novel vaccine candidate for boosting BCG-
induced immunity against tuberculosis.

Conclusion
In summary, the prepared CFP10-NPs had ideal physical 
characterization. Mucosal immunization with CFP10-NPs 
via the intranasally route promoted Th1 immune response 
and IgA secretion in mice. This enhanced immune 
response led to a significant reduction in pulmonary 
inflammatory lesions and bacterial load in the lungs 
and spleen in M. bovis-infected mice. Overall, CFP10-
NPs could significantly boost the immunogenicity and 

Fig. 6. CFP10-NPs reduces the pathological damage in liver and spleen. The immunized BALB/c mice were slaughtered after three weeks of M. bovis 
infection to perform H&E staining for evaluation of histopathological changes (n=4). (A-D) The histopathological changes of liver (A-B) and spleen (C-D) 
tissues (A-C, scale bar: 100 μm, images at ×100 magnification; B-D, scale bar: 20 μm, images at ×400 magnification). M. bovis infection resulted in the 
formation of multiple inflammation foci in liver and spleen tissues. However, the number and size of inflammation foci in hepatic lobules from mice vaccinated 
with BCG and CFP10-NPs were obviously reduced.
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protective efficacy of BCG against M. bovis to a certain 
degree in vivo. These results suggested that CFP10 PLGA 
NPs could be exploited as an effective airway mucosal 
subunit vaccine candidate against tuberculosis.
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