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Abstract 

Paratuberculosis is a chronic wasting disease of granulomatous enteritis in ruminants caused by Mycobacterium avium 
subsp. paratuberculosis (M. paratuberculosis, MAP) resulting in heavy economic losses to dairy industries worldwide. 
Currently, commercial vaccines were not effective in preventing pathogen shedding and were reported with serious 
side effects. To develop a novel and smarter paratuberculosis vaccine, we utilized PLGA nanoparticles encapsulat-
ing the Bfra antigen (Bfra-PLGA NPs). We observed that mice vaccinated with Bfra-PLGA NPs exhibited an enhanced 
secretory IFN-γ, CD4+ T cells response and antibody IgG against MAP infection. In addition, secretions of the inflam-
matory cytokine TNF-α and IL-10 were increased following treatment with Bfra-PLGA NPs. A significant reduction 
in bacterial load was observed in the livers and spleens of animals vaccinated with Bfra-PLGA NPs. Furthermore, 
Bfra-PLGA NPs were effective to alleviate the pathological lesions of livers in mice. Overall, our approach provides 
a rational basis for employing PLGA nanoparticles to develop improved vaccines that induced protective immunity 
against paratuberculosis.
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Graphical Abstract

Introduction
Paratuberculosis or Johne’s disease (caused by Mycobac-
terium avium subsp. paratuberculosis, MAP) is an irre-
versible, chronic wasting disease in ruminants and has 
been also isolated from other non-ruminant wildlife spe-
cies [1]. As an obligate intracellular bacterium, MAP can 
be found in macrophages throughout the body within 
infected animals [2].  Over the course of paratubercu-
losis, Th1 type immune response dominates the initial 
stage and then is gradually replaced by Th2 humoral 
immune response which is incapable of controlling 
the intracellular infection at this point [3, 4].  Then,  the 
symptoms of paratuberculosis become apparent includ-
ing chronic hyperplastic enteritis, intractable diarrhea, 
intestinal mucosa thickening and forming folds, weight 
loss, decreased milk production, fertility and other symp-
toms, resulting in the reduction of animal performance 
and economic losses [5]. It has been estimated that the 
impact of lower milk production due to MAP infections 
on America economy is US$200 million ± US$160 million 
per year [5–7].

MAP  does not only seriously affect the development 
of animal husbandry, but also poses a threat to human 
health. Crohn’s disease  (CD) is a chronic inflammatory 
bowel disease with unknown etiology, while there is evi-
dence linking MAP and CD [8]. Cases were reported that 
viable MAP was identified from breast milk and periph-
eral blood from CD patients [9, 10]. In addition,  the 
primary symptoms of Crohn’s disease are persistent diar-
rhea and intestinal fistula, which are clinically similar to 
the symptoms of paratuberculosis. Beyond Crohn’s dis-
ease, MAP is associated with many inflammatory and 
autoimmune disorders including type I diabetes, multiple 
sclerosis (MS), granulomatous arthritis in children (Blau 

syndrome), and rheumatoid arthritis [11–13].  MAP can 
be cultured from the milk and other dairy products of 
cattle with both clinical and subclinical Johne’s disease, 
which are the most plausible candidates as vehicles of 
transmission of MAP from cattle to humans [14–16]. As 
moderately higher existence of anti-MAP antibodies 
in population was reported, there is an urgent need for 
measures to control and intervene the MAP-load in ani-
mals and the environment [17].

Due to the economic costs, impacts on animal wel-
fare and aroused public health concerns caused by para-
tuberculosis, it is vital to develop control strategies and 
screen for relevant antigens to introduce them as candi-
date vaccines. The performance of the existing vaccines 
for paratuberculosis (Gudair®, Silirum®, and Mycopar®) 
are effective in controlling disease, but none limit disease 
spread and can cause adverse reactions [18, 19]. Given 
the challenges to control JD with the current vaccine, 
we developed a novel subunit vaccine with MAP anti-
gen Bfra delivered by poly (lactide-co-glycolide) (PLGA). 
PLGA has been approved by the Food and Drug Admin-
istration (FDA) as a delivery vehicle for vaccines and 
drugs due to its biocompatibility, non-immunogenicity, 
antigen stabilization, controlled and sustained antigen 
release in humans and animals [20, 21].  PLGA-based 
vaccines can shield the loaded peptides/proteins against 
proteolytic degradation and show a suitable plasma half-
life [22]. According to research, PLGA is an ideal delivery 
carrier for pathogen-specific antigens in subunit vaccines 
against several diseases including HIV,  tuberculosis and 
influenza [23–27].

Bfra, named as Antigen D of MAP, can enrich, manage 
and store iron ions, maintain the balance of intracellu-
lar iron ions so as to enhance the viability of MAP [28]. 
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Bfra has been reported as a T-cell antigen that can induce 
IFN-γ expression and lymphocyte proliferation [29]. In 
addition, immunizing mice with DNA vaccines encoding 
Bfra and recombinant protein Bfra can induce an evident 
humoral immune response, and thus have certain pro-
tective effects on mice from Brucella abortus infection 
[30]. Moreover, Bfra antigen of Brucella melitensis mixed 
with adjuvant CpG ODN was able to induce the humoral 
and cellular immune responses in mice [31].

Considering these concerns,  we conducted the study 
to explore the potential of Bfra encapsulated PLGA NPs 
against MAP infection in mice. Our results demon-
strated that Bfra-NPs vaccination induced cell-mediated 
immune response and also elicited humoral immune 
response against MAP, resulting in a reduced pathologi-
cal lesions and bacterial burden in the spleens and livers 
of infected mice. In conclusion, the nanoparticles candi-
date vaccine demonstrates a good protection from MAP 
infection.

Results
Characterization of Bfra‑PLGA NPs
Recombinant Bfra protein was expressed in Escherichia 
coli and was purified by Ni–NTA column as described 
in Methods. The purified recombinant Bfra antigen was 

confirmed by western-blotting using anti-His monoclonal 
antibody and SDS-PAGE after Coomassie brilliant blue 
staining (Fig. 1 A and B). To determine the encapsulation 
of recombinant Bfra protein, we dissolved the Bfra-PLGA 
NPs by NaOH-based extraction method. Western blot-
ting with an anti-His monoclonal antibody validated the 
protein loading (Fig. 1A). The current study used double-
emulsion solvent evaporation to create PLGA NPs encap-
sulating Bfra. Scanning electron photomicrographs of 
Bfra-PLGA NPs revealed a homogeneous, spherical and 
smooth appearance (Fig. 1C and D). Dynamic light scat-
tering of a Bfra-PLGA NPs suspension on the Malvern 
Zetasizer indicated narrow size distribution and greater 
colloidal stability (Fig. 1 E and F). According to Malvern 
Zetasizer, the average size of Bfra-NPs was 230 ± 6.48 nm 
with a polydispersity index (PdI) of 0.153 ( < 0.2) , indi-
cating negligible NPs heterogeneity. In addition, the zeta 
potential of Bfra-PLGA NPs was −21.2 ± 7.21 mV. More-
over,  we conducted an experiment on the particle size 
change over a week to test the stability of NPs by Malvern 
Zetasizer and the size of Bfra-NPs changed gently within 
a week (Fig. S1). To estimate the release of Bfra at physi-
ological pH and within macrophages pH, the amount of 
Bfra encapsulated were measured at various time points 
over 10 days’ time period. A sudden release was observed 

Fig. 1  Preparation and characterization of Bfra NPs. A Western blotting with an anti-His monoclonal antibody confirmed the recombinant Bfra 
protein and protein retrieved from Bfra-PLGA NPs. B Purified recomniant Bfra was ~ 30 kDa, as measured by SDS-PAGE. C Scanning Electron 
Microscope (SEM) at magnifications of (C) × 6 k and D × 80 k for Bfra-NPs. E Average size and F potential of Bfra-NPs. G Residual Bfra (%) 
within Bfra-NPs at pH 7.4 and 5.8 was measured by BCA over 10 days’ time period
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on the first day, while an increased release was observed 
gently with a time period at both pH (Fig. 1G).

Meanwhile, to estimate the encapsulation efficiency, 
we obtained the supernatant. Using a BCA kit, the result 
revealed that the encapsulation efficiency of Bfra-NPs 
was determined to be 71%, while the loading efficiency 
was 1.6%.

Cytotoxicity and uptake of NPs by macrophages
The MTS assay was performed to test the influence 
of Bfra-NPs on viability of macrophages. As shown in 
Fig.  2A, The result revealed that Bfra-PLGA NPs were 
nontoxic to RAW264.7 cells at 100 μg/mL. Therefore, we 
selected 100 μg/ml as a nontoxic dose for in vitro inves-
tigations. The immunological features of PLGA NPs are 
dictated by their specific physicochemical composition, 
which promotes antigen uptake and redirection to lym-
phoid organs. Based on the inherent property of NPs, 
RAW264.7 cells were cultured under ex vivo conditions to 
assess macrophages’ ability to phagocytose Bfra-NPs. We 
treated RAW264.7 cells with Bfra-NPs for up to 6  h to 
investigate the uptake of NPs by macrophages. According 
to the microscopy, we found that FITC-labeled Bfra anti-
gens can be observed inside the macrophages (Fig.  2B). 
After 2  h of incubation, FITC-labeled Bfra antigens can 
be seen inside the macrophages, indicating that Bfra-NPs 

can be internalized by macrophages. Upon 6 h, the FITC 
fluorescence signal was detected inside 80% of the mac-
rophages. These results suggest that Bfra-NPs have the 
potential to induce the activation of macrophages and 
to be efficiently taken up by APCs. In addition we con-
firmed the stability of Bfra antigen encapsuled in NPs 
which were uptaken by macrophage after 6 h by western-
blotting (Fig. S2).

Immune responses induced by Bfra‑NPs before challenge 
in mice
Before the formal experiment,  we conducted a histo-
pathological study of mice treated with Bfra-NPs to 
detect toxicity of NPs in  vivo. According to histopatho-
logical observation, there were no pathological changes 
in lung, spleen, liver and kidney tissues of mice in all 
treated groups (Fig. S3).

Following an immunization protocol as described 
in Fig.  3, we collected serum and spleen samples from 
mice after 2  weeks of third boosting immunization. 
As expected, all immunized mice elicited significantly 
increased IL-10 and TNF-α levels compared to PBS 
treated mice (Fig.  4A and B). The IgG antibody titers 
of serum were also measured to assess the immune 
responses induced by Bfra-NPs. Similarly,  we found 
that a significantly higher response of IgG antibody 

Fig. 2  Cytotoxicity and confocal analysis of Bfra-FITC NPs internalization by macrophages. A Cell viability of RAW264.7 macrophages exposed 
to Bfra-PLGA NPs after 24 h. B The macrophages were stained with DAPI (tracers for cell nucleus staining) and Bfra was labeled with FITC. Bfra–PLGA 
NPs were internalized within 6 h and images were visualized at 400 × magnification. Scale Bar: 100 µm
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in Bfra-PLGA treated mice compared to other groups 
except inactivated MAP strain K-10 treated group 
(Fig. 4C).

Spleen samples were collected to prepare single cell 
suspension for the evaluation of cell mediated immune 
response. Splenocytes were stimulated with Bfra for 24 h 
to determine the level of IFN- γ produced. As shown in 

Fig. 4D, the IFN-γ production in Bfra-PLGA treated mice 
was significantly higher than other groups except the 
inactivated vaccine. We also analyzed the T cell reper-
toire stimulated with the NPs by flow cytometry (Fig. 4E 
and F). The frequency of CD4+ T cells was higher in 
almost all vaccinated mice compared to PBS treated 
mice while significant differences was only observed in 

Fig. 3  Experimental design for vaccination and challenge. Female C57BL/6 mice (6-8 weeks old) were subcutaneously vaccinated and then 
intraperitoneally challenged with a virulent strain of MAP 2015WD-1 two weeks later. At various times, mice (n = 5/group) were slaughtered. Tissue 
and blood samples were taken to determine the bacterial burden, cytokine levels, and histopathology

Fig. 4  Analysis of immune responses in immunized mice before challenge. Mice (n = 5) from each group were euthanized 2 weeks 
post-immunization to analyze the immune response. ELISA was used to detect A IL-10, B TNF-α, and C IgG in serum samples. Splenocytes were 
extracted and activated in vitro with Bfra to assess D IFN-γ. The graph of E CD4+ T cells and F CD8+ T cells in post-immunization spleen tissue 
of mice. A asterisk denotes a statistically significant difference: *p < 0.05, **p < 0.01, and ***p < 0.001
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Bfra-PLGA treated group (Fig. 4E). According to Fig. 4F, 
the frequency of CD8+ T cells in Bfra and Bfra-NPs 
treated mice were significantly higher compared to other 
groups,  while we observed a significant reduced fre-
quency in inactivated vaccine group.

Collectively,  these results indicated that Bfra-NPs 
induced strong humoral immune response and cell-
mediated immune response in mice.

Protection induced by Bfra‑NPs after challenge by MAP
Mice were challenged with M. paratuberculosis field iso-
late strain 2015 WD-1 after 2 weeks of receiving the third 
boosting dose of vaccination to assess the protective 
effect of Bfra-NPs. In order to investigate whether Bfra-
NPs were benefical for reducing weight loss in animals, 
we recorded total body weight of mice on weekly basis 
post infection with M. paratuberculosis  (Fig. S4). We 
observed a mark reduction in total body weight at 10th 
week post infection in all experimental groups, while the 
PBS treated mice consistently gained less weight than the 
other groups. After 8 and 12 weeks of infection, the mice 
were sacrificed.

At 8 weeks post challenge, the bacterial load in the liv-
ers of Bfra-NPs and inactivated MAP vaccinated groups 
was significantly reduced compared to other groups. In 
contrast, the latter demonstrated a lower bacterial load 
(Fig.  5A). Furthermore, the bacterial load in spleens of 
Bfra and Bfra-NPs vaccinated groups showed significant 
reduction compared to other groups (Fig.  5B). In addi-
tion to bacterial colonization, organ coefficients of livers 

and spleens were also measured.  According to Fig.  5C 
and D, significantly low spleen weight were observed in 
Bfra-NPs treated mice compared with inactive vaccine, 
while there were no significant differences of liver coef-
ficients aomong all groups.

At 12  weeks post-challenge, significant reductions of 
bacterial load both in livers and spleens were observed 
in all vaccinated groups compared to PBS treated group 
(Fig.  5E and F).  As expected,  the Bfra-NPs produced 
more effective protection of the bacterial load in livers 
and spleens.  There were similar results of organ coeffi-
cients,  while the PBS treated mice showed significantly 
heavier liver weight in comparision with vaccinated 
groups (Fig.  5G and H). Collectively, vaccination with 
the antigen Bfra and Bfra-PLGA NPs reduced bacterial 
burden in mice generated by the challenge with virulent 
strain of M. paratuberculosis.

Histopathological analysis for the immuned mice 
challenged by MAP
We performed histopathology studies in all groups to 
measure the degree of pathological damage and to detect 
bacterial dispersion in mice tissue. At 8 weeks post chal-
lenge, all PBS treated mice had granulomatous inflam-
mation in the liver, whereas only 40% of the animals 
receiving the Bfra-PLGA vaccine exhibited inflamma-
tion (Fig.  6A and B).  As we expected, histopathological 
score of the Bfra-NPs group was lower than other groups. 
Surprisingly, 90% of the mice vaccinated the inactivated 
vaccine exhibited mild to moderate pathological changes. 

Fig. 5  Protection against challenge strain of M. paratuberculosis. Following challenge, mice groups (n = 5) were sacrificed at 8 weeks after challenge 
and bacterial burden was analyzed in liver A and spleen B organs. The proportion of liver C and spleen D weight to total body weight was analyzed 
at 8 weeks after MAP infection. Following the challenge, mice groups (n = 5) were sacrificed at 12 weeks after the challenge, and bacterial burden 
was analyzed in the liver E and spleen F organs. The proportion of liver G and spleen H weight to total body weight was analyzed 12 weeks 
after MAP infection. A sterisk refers to statistical significant difference, *p < 0.05, **p < 0.01, and ***p < 0.001
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In addition, using acid-fast staining (AFS) method, we 
found acid-fast bacillus in livers of all group under micro-
scope (Fig.  6C). At 12  weeks post-challenge, all mice 
tested developed granulomatous inflammation in the 
liver, with the Bfra-NPs group having a lower histologi-
cal score than the other groups (Fig. 6D). Unsurprisingly, 
there is an extensive infiltration of inflammatory cells in 

some livers of mice treated only with PBS, while the liver 
lesions in other groups were mainly localized inflamma-
tory foci (Fig.  6E). Same as above, acid-fast bacilli were 
also observed in livers at 12 weeks post-challenge for all 
groups (Fig.  6F). Taken together, these findings suggest 
that Bfra-PLGA NPs can reduced tissue pathological 
changes in mice infected with M. paratuberculosis.

Fig. 6  Histopathology analysis of livers after infection. Following challenge, mice groups (n = 5) were sacrificed at 8 weeks after challenge. Tissues 
were sectioned to 5 μm slices and stainned. Slides were scored by a trained pathologist blinded to the samples A. Representative images 
of H&E stained livers of mice B. Representative images of AFS stained livers of mice C. The mice groups (n = 5) were sacrificed at 12 weeks 
after the challenge. Tissues were sectioned into 5 μm slices and stained. Slides were scored by a trained pathologist blinded to the samples D. 
Representative images of H&E stained livers of mice E. Representative images of AFS stained livers of mice F 
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Discussion
Since the negative impact and threat of MAP on livestock 
development, economy and public health, rational con-
trol strateges are necessary [32]. Vaccination is an excel-
lent option for controlling the disease at a low cost. The 
current commercial MAP vaccines are inactivated or 
attenuated MAP incorporated into water-in-oil emul-
sions while serious reactions to the adjuvant have been 
reported and limited protection provided by these vac-
cines against bacterial tissue colonization and shed-
ding. Previous studies have shown that subunit vaccines 
have the advantage of reducing the possibility of infec-
tions that may be produced by live attenuated vaccines 
[33, 34]. And it have been revealed that there is a need 
to combine subunit vaccine with efficient adjuvants to 
improve the immunogenicity [34]. Considering these 
issues,  we encapsulated MAP specific antigen Bfra to 
PLGA nanoparticles.

In the present study, we evaluated the potential of 
Bfra-encapsulated PLGA NPs as a vaccine compared 
to inactivated MAP strain K-10 in protection against 
paratuberculosis.  Antigen encapsulated in PLGA can 
be released sustainly and slowly so as to provide more 
effective MHC peptide complexes presentation to CD8+ 
T cells which is essential to stimulate effective immune 
responses [35, 36].  There are some factors influencing 
encapsulated protein release such as particle size, sur-
face structure and morphology [37]. Studies indicate that 
PLGA in the nanometer range (size 200–500 nm) causes 
superior TH1-response and can be better taken up by 
DCs to lymph nodes 24 h after administration [22]. The 
resultant NPs in our study were 230 ± 6.48 nm, further 
encouraging their absorption by DCs and the activa-
tion of Th1-response. Alongside size, the Bfra-NPs had a 
smooth surface and a spherical form, indicating that they 
are better antigen carriers.

MAP is a typical intracellular pathogen, which mainly 
survived in macrophages [38]. In the process of MAP 
infection and recovery, cellular immunity play a crucial 
role in clearing MAP, particularly Th1-type responses 
represented by CD4+ T cells [39]. It is generally believed 
that Th1 immune response is dominant in the early stage 
of MAP infection, but there is a conversion of Th1 to Th2 
immune response in the subclinical and clinical stages [40, 
41]. In the present study, we analyzed the levels of IFN-γ 
(Th1), TNF-α (Th1)  and IL-10 (Th2).  Both the secretion 
of IFN-γ and TNF-α are enhanced in the Bfra-NPs group. 
IFN-γ is a Th1 cytokine, that can promote the activation 
and proliferation of T cells and activate macrophages to 
clear intracellular pathogens [42, 43]. In line with previous 
findings, the enhanced secretion of inflammatory cytokine 
TNF-α has been attributed to the potential role played by 
PLGA NPs in NFκB translocation to the cell nucleus [44].

In addition, our experiment found that, the frequency 
of CD4+ T cells and CD8+ T cells was significantly 
enhanced in Bfra-NPs-vaccinated mice. These data imply 
that Bfra-NPs can trigger a enhanced TH1 response 
which provide a rational explaination for enhanced T 
cell proliferation in mice. We also found a elevated level 
of IL-10 in Bfra-NPs immunized mice.  IL-10 is a Th2 
bias cytokine while a recent study shows that, Th1 cells 
co-expressing IL-10 are more conducive in clearing 
intracellular pathogens [45]. Alongside enhanced cellu-
lar immunity, the results showed that the secretions of 
IgG were significantly increased in the Bfra-PLGA NPs 
group, proving that the NPs could enhance the humoral 
immunity of mice. Generally,  our data indicated that 
the Bfra-PLGA NPs conferred an acceptable immune 
response especially Th1 immunity. Since we observed 
enhanced levels of cytokines and proliferation of CD4+ T 
cells and CD8+ T cells in the Bfra-PLGA group, this pro-
vides a possible explanation for the enhanced protection 
against MAP infection. Interestingly, we found a similar 
activated immune response in the inactivated vaccine 
group except the decreased proliferation of CD8+ T cells.

As we expected,  lower bacterial burden of livers were 
observed in both Bfra-PLGA and inactivated vaccine 
immunized mice at 8  weeks after challenge. Respec-
tively,  in the experiment, a significant reduction of 
the bacteria load in spleen was only observed in Bfra-
PLGA NPs treated mice at 8 weeks after MAP infection. 
Thus, we hypothesize that the superior protective effect 
of Bfra-NPs over the inactivated vaccine is attributed 
to the robust CD8+ T cells proliferation.  Moreover,  we 
suprisingly found that Bfra,  Bfra-PLGA and inacti-
vated MAP strain K-10 were sufficient to reduce tissue 
bacteria colonization at 12  weeks after infection com-
pared to the control group. The correlates of protective 
effect observed among immunized groups were further 
asserted by histological lesions.  Compared to the other 
immunized group,  the Bfra-PLGA NPs were sufficient 
to reduce lesion scores in mice. Persistent diarrhea and 
emaciation are important clinical features of paratuber-
culosis.  In our study, immunization produced higher 
weight gain following the challenge than the non-immu-
nized group.  Overall,  these data suggest that Bfra can 
be regarded as a specific antigens for MAP vaccines and 
PLGA NPs can be an adjuvant as well as a rational delivery 
systeam.

As a major iron storage protein, Bfra which exists 
widely in bacteria plays the dominant role in regulating 
the balance of iron metabolism and resisting the toxic-
ity of nitrogen peroxide to bacteria [46–48]. Accord-
ing to a study,  the levels of antibodies against Bfra were 
elevated in 53% Crohn’s disease patients,  indicating the 
superior immunogenicity of Bfra [49]. A recent study 
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have shown that Bfra is a major antigen of S. pullorum 
and Bfra induced IFN-β expression via the p38 MAP 
Kinase signaling pathway in cells [50]. IFN-β is reported 
as an important congenital immunity cytokine medi-
ating expression of hundreds of IFN-stimulated genes 
(ISGs) to resist pathogens [51, 52]. Moreover, consider-
ing the immunogenicity of Bfra demonstrated in our 
study, we can assume that Bfra effectively activates both 
innate immunity (IFN-β) and adaptive immunity. Given 
the side effects of conventional oil emulsion adjuvant and 
weak uptake of antigens and in vivo degradation, we used 
PLGA NPs as delivery vesicles or prospective adjuvants. 
Consistent with previous studies, we found PLGA-deliv-
ered antigen Bfra could promote immune response and 
provide effective protection against M.  paratuberculosis 
infection. Encouragingly, the Bfra-PLGA NPs can dimin-
ish hepatic pathological lesions in mice.

Vaccines for animals, based on the One-Health phi-
losophy, play a positive and vital role in maintaining the 
health and welfare of companion and economic animals 
and preventing disease transmission. With the increas-
ing concern for paratuberculosis, there has been an 
increase in the development of new technologies such 
as attenuated vaccines and virus vector vaccines against 
PTB [53–55].  However,  the two approaches are con-
troversial,  particularly araising certain problems about 
safety and the return of virulence.  The combination of 
subunit vaccines with NPs can improve the immune 
efficacy of antigens while avoiding these limitations. In 
our study, the PLGA-based paratuberculosis nanovac-
cine was highly immunogenic and performed effectively 
against M.  paratuberculosis infection in mouse models. 
Furthermore, no adverse reactions were observed at the 
injection location. It should be noted that recombinant 
antigen Bfra were able to impart superior protective imu-
nity against M.  paratuberculosis challenge in this study. 
Future research will focus on identifying the immuno-
logical mechanism(s) responsible for the activity of Bfra-
PLGA NPs and modifying the method of distribution to 
improve the vaccination efficacy of NPs.

Materials and methods
Bacteria and culture conditions
Cultures of MAP strains were prepared from single colo-
nies in Middlebrook 7H9 broth (Difco, BD biosciences, 
USA)  supplemented with 10% ADC (albumin, dextrose, 
catalase), 2  μg/mL mycobactin J (Allied Monitor, MO, 
USA), and 0.05% Tween 80 (Sigma-Aldrich Crop., CA, 
USA). M. paratuberculosis K-10 was inactivated in a 
water bath at 80 °C for 30 min to prepare the inactivated 
vaccine while M. paratuberculosis field isolate strain 
2015WD-1 was prepared for mice infection [56]. Recom-
binant Escherichia coli (E. coli) strains were cultured in 

Luria–Bertani broth (BD) under standard conditions. All 
cultures were cultivated at 37 °C with shaking at 180 rpm 
until they reached the log phase.

Preparation of PLGA‑encapsulated Bfra NPs
The full length Bfra with 6× His-tag was expressed by 
pET-30a(+) vector plasmid in Escherichia coli BL21 cells.
Then,  the recombinant protein Bfra was purified on a 
Ni–NTA column from lysate supernatant of the recom-
binant E. coli. The 6× His-tagged Bfra was confirmed by 
SDS-PAGE and western-blotting using anti-His mono-
clonal antibody.

PLGA nanoparticles  (L/G is 50:50, Mw: 10 KDa, Jin-
nan Daigang Biomaterial Co., Ltd, Shandong, China) 
encapsulated protein were prepared by the double emul-
sion water-in-oil-in-water (W/O/W) method. Firstly, the 
primary emulsion was generated by sonication (240 W, 
6  min) (Scientz, Zhenjiang, China) of an internal aque-
ous phase containing protein (2 mg/mL) and an organic 
phase (30  mg/mL PLGA) in ethyl acetate (EtAc, Inno-
chem Co., Beijing, China). The resulting water-in-oil 
(wi/o) emulsion was then added to 10 mL PVA (1% w/v) 
(Innochem Co., Beijing, China) and emulsified in an ice-
water bath to form the double emulsion (w/o/w). The 
emulsifications were performed using probe sonicator 
set at 360 W of energy output for 8 min in an ice bath. 
The double emulsion (w/o/w) was diluted in 10 mL PVA 
(0.5% w/v) solution and the emulsion was agitated 4 ~ 6 h 
to allow the organic phase to evaporate. Then,  the NPs 
were collected by centrifugation at 10,000 rpm for 5 min 
to remove the remaining PVA and purified with distilled 
water three times. Finally, all NPs were lyophilized.

The physicochemical characterization of NPs
To evaluate the encapsulation efficiency (EE) and load-
ing efficiency (LE) of the NPs,  we measured the pro-
tein encapsulated using a BCA protein-assay kit 
(Beyotime Institute of Biotechnology, Beijing, China) 
by NaOH based extraction method. In brief,  1  mL 
NaOH  (1  M)  were added to dissolve 10  mg NPs, fol-
lowed by incubation at 37  °C for 18  h under constant 
shaking. Then, we added HCl for neutralization followed 
by centrifugation at 12,000  g for 10  min.  The resulting 
supernatant was estimated by BCA method using BSA 
standards.  Protein integrity was confirmed by western-
blotting using anti-His monoclonal antibody.

EE% =
amount of Bfra released from NPs

amount of Bfra in the internal aqueous phase
× 100%

LC% =
amount of Bfra released from NPs

amount of NPs
× 100%
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Particle size range, polydispersity index and zeta 
potential were measured by dynamic light scattering 
(DLS) using a Malvern Zetasizer Nano-ZS (Malvern 
Instruments, Malvern, UK). The suspensions of NPs 
were vortexed before analysis, and each sample was 
measured in triplicates. Surface morphology of the NPs 
was observed by scanning electron microscopy  (SEM, 
HITACHI, Japan).

In vitro protein release curve of Bfra-NPs in pH 
5.8 (phagosomal pH of macrophages) and pH 7.2 (physi-
ological pH) for up to 10 days was estimated as described 
previously [57].  To test the stability of Bfra-NPs,  parti-
cle size range were measured by dynamic light scatter-
ing (DLS) using a Malvern Zetasizer Nano-ZS (Malvern 
Instruments, Malvern, UK) for up to 7 days.

Cell viability assay
In the current study, we investigated the effect of Bfra-
PLGA NPs on the viability of RAW264.7 cells by MTS 
method. Briefly, RAW264.7 cells were seeded into 96-well 
culture plates and cultured overnight. Following incuba-
tion and removal of non-adherent cells, variable concen-
trations of NPs ranging from 0.5 μg/mL to 200 μg/mL in 
medium (HyClone, Utah, USA) were added. After 24  h 
of incubation at 37 °C, 10 μL of MTS reactant (Promega 
Co., Beijing, China) was added into each well in order 
to assess cells susceptibility. The colorimetric density of 
the plate was measured by using a Microplate Reader at 
570 nm.

Uptake of NPs by macrophages
To test the uptake of NPs by macrophages,  we tagged 
the loading protein with fluorescein isothiocyanate 
(FITC). In the current study, we used RAW264.7 cells 
obtained from cold storage (National Infrastructure of 
Cell Line Resource, Beijing, China). The cells were cul-
tured overnight in 24-well culture plates with DMEM 
medium + 10% FBS.  After that, PLGA-encapsulated 
Bfra-FITC NPs were added to the culture at a final con-
centration of 0.1 mg/mL and incubated for a maximum 
of 6  h.  Then,  the culture were removed and cells were 
washed with sterile PBS and preserved with 2% para-
formaldehyde.  To observe the cellular morphology,  we 
stained the macrophages with DAPI. Confocal images 
were captured using a Nikon Eclipse 80i fluorescent 
microscope with DAPI (blue) and FITC (green) channels 
and then analyzed with NIS Elements software.

Mice vaccination and infection of MAP
Specific pathogen-free (SPF) C57BL/6  J female 
mice  (6–8  weeks old) were  maintained in individually 
ventilated cages (IVC) (Suzhou monkey animal experi-
mentation equipment Technology Co., Ltd, Zhejiang, 

China) in BSL-2 laboratory and were randomly divided 
into groups.  Mice were vaccinated and challenged as 
shown in Fig. 3. Mouse groups (n = 15 mice/group) were 
immunized with PBS,  PBS-PLGA,  Bfra, Bfra-PLGA or 
inactivated MAP strain K-10 (106  CFU/animal)  three 
times, 2 week apart using subcutaneous (S/C) injections. 
After 2  weeks of third boosting dose of immunization 
animals were infected with 108 CFU of M. paratuberculo-
sis 2015WD-1 via intraperitoneal route (i.p). To evaluate 
the immune response and bacterial tissue colonization, 
mice were sacrificed 2 weeks after the third boosting dose 
(n = 5 mice/group) and 8 or 12 weeks (n = 5 mice/group) 
after challenge with M. paratuberculosis 2015WD-1 as 
planned for the murine model of paratuberculosis.  All 
animal procedures were approved by the Laboratory Ani-
mal Ethical Committee of China Agricultural University 
(AW91110202-2) and strictly conducted by Chinese laws 
and guidelines.

ELISA for cytokine and IgG antibody analysis
Whole blood samples were collected at the same time 
as  tissue collection. Blood was allowed to clot and the 
serum was collected after centrifugation. The ELISA 
technique (Neobioscience Co., Beijing, China) was used 
to assess IgG antibody, TNF-α, and IL-10 cytokine lev-
els in mouse serum samples as per the manufacturer’s 
instructions.  A suspension of splenic lymphocytes was 
generated for the measurement of IFN-γ  production by 
splenocytes after aseptically extracting mouse spleens 
and lysis of erythrocytes with the lysis buffer (ammo-
nium chloride). Then, 5 × 106 splenocytes were seeded 
in 24-well cell culture plates and cultured for 24  h at 
37  °C in a humidified CO2 incubator with 10  µg/mL of 
Bfra protein. According to the instructions of the man-
ufacturer, splenocyte supernatant was utilized to detect 
IFN-γ by ELISA (Neobioscience Co., Beijing, China).

Flow cytometry
Splenocytes from five individual mice per group were 
prepared for the detection of T cells population by flow 
cytometry assay. Single cell suspension of splenocytes 
were prepared as described above and were stained with 
fluorochrome labeled antibodies for anti-CD3 (Anti-
Mouse CD3e PerCP-Cyanine5.5), anti-CD4  (anti-mouse 
CD4 FITC), and anti-CD8 (Anti-Mouse CD8a APC) 
from Multi Sciences LTD (Zhejiang, China).  Cells were 
analyzed with BD FACSVerseTM flow cytometer (BD 
Biosciences, USA) and FlowJo software v10.

Protection induced by Bfra‑PLGA NPs
Bacterial tissue colonization and histopathological stud-
ies were carried out for various organs of mice challenged 
with M. paratubercolosis to analyze the protection effect 
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of Bfra-PLGA NPs.  For quantification of viable MAP 
bacilli in infected mice,  the liver, spleen and intestinal 
tissues were collected for bacterio-logical and histologi-
cal analysis as detailed before. The tissue homogenates 
were serially diluted in PBS then plated on Middlebrook 
7H10 (BD diagnostic systems) supplemented with with 
mycobactin-J, OADC and sodium pyrvuate. The plates 
were then incubated at 37 ℃ until colonies were visible. 
Tissues were preserved in a 10% formaldehyde solution, 
embedded in paraffin, cut into sections, and placed on 
glass slides for histopathology.  After mounting, the tis-
sues were either stained with: hematoxylin and eosin 
(H&E) or Ziehl–Neelsen (ZN) for the detection of acid-
fast bacilli (AFB). All tissues were scored on a scale of 0 
to 5 based on lesion severity per field.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
5 (GraphPad Software, Inc., CA, USA). Data were ana-
lyzed using one-way ANOVA followed by Tukey’s mul-
tiple comparison. Results with P values < 0.05 or better 
were considered significant.  All research reported here 
was conducted in accordance with all relevant guidelines 
and procedures.
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