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Abstract 

Background:  Bacterial ghosts are the evacuated bacterial cellular membranes from most of the genetic and pro‑
tein contents which preserved their surface characters. Recently, bacterial ghosts exploited for different biomedical 
applications, for instance, vaccination. The purpose of this study is to measure the immunogenic protective response 
of bacterial ghosts of Salmonella Typhimurium in animals and to allow future testing this response in humans. The 
immunologic response was qualitatively, quantitatively, and functionally measured. We have measured the humoral 
and cellular immune responses, such as immunoglobulins elevation (IgG), increased granulocytes, serum antibacterial 
activity, clearance of virulence in feces and liver, and the survival rate.

Results:  The bacterial ghosts’ vaccine was able to protect 100% of subcutaneously vaccinated rats and 75% of adju‑
vant subcutaneously vaccinated rats. The lowest survival rate was in the orally vaccinated group (25%). The maximum 
level of serum IgG titers, as well as serum and feces bactericidal activity (100% eradication), was exhibited in the 
subcutaneously vaccinated group with adjuvant vaccines followed by the subcutaneously vaccinated one. Addition‑
ally, the highest granulocytes’ number was observed in the adjuvant vaccine subcutaneously immunized group. The 
bacterial load in liver homogenate was eliminated in the subcutaneously vaccinated rats after the virulence challenge.

Conclusions:  The bacterial ghosts of Salmonella enterica serovar Typhimurium that prepared by Tween 80 Protocol 
showed an effective vaccine candidate that protected animals, eliminated the virulence in feces and liver. These find‑
ings show that chemically induced bacterial ghosts of Salmonella Typhimurium can be a promising vaccine.

Keywords:  Bacterial ghosts, Salmonella Typhimurium, Bacterial ghosts’ applications, Vaccination trial, immunological 
characterization
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Background
The intact unaffected evacuated cellular shells of Gram-
negative bacteria that are evacuated from their cel-
lular contents are defined as bacterial ghosts (BGs) 
[1–6]. According to this definition, Gram-positive bac-
teria are excluded from the bacterial ghosts. Most of 

Gram-positive bacteria failed to be lysed by the gene E 
system. This failure refers to the lack of Gram-positive 
bacteria of inner and outer membranes that are present 
in Gram-negative bacteria [4]. However, Gram-positive 
bacterial ghosts cannot be prepared by the same princi-
ple that is used in preparation of Gram-negative ghosts 
[7].

Recently, the definition of BGs has been extended to 
include Gram-positive bacteria by applying a new pro-
tocol which comprises the use of some chemical agents 
in their minimum inhibitory concentrations (MIC), and 
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minimum growth concentrations (MGC) and/or some 
physical factors, like high temperature [7, 8]. Therefore, 
by using a specific chemical agent in a specific concen-
tration for a certain time, the puncturing of bacterial 
cells and expelling of the internal contents have been 
achieved. Although the bacterial cells were pierced, 
the intactness of the cellular shell was not affected or 
deformed.

Bacterial ghosts of specific pathogens can be utilized 
in the preparation of vaccines against these pathogens. 
However, recently, different approaches have been 
used to develop human and veterinarian vaccines, such 
approaches utilize the cellular surface displaying prop-
erties (e.g. Protein A in Gram-positive bacteria and 
specific outer-membrane proteins in Gram-negative 
bacteria) [9], or advanced molecular techniques [10]. 
Such techniques involve genetically engineered vac-
cines, inverted pathogenicity (utilizing virulence fac-
tors to prevent or treat a disease), and bacterial ghosts 
delivery system [11]. The preserved surface structures 
and components of the BG can induce both innate and 
adaptive immune responses [12].

The prepared vaccines from bacterial ghosts of sev-
eral pathogens achieve reasonable protection in ani-
mals [11, 13–15]. For example, the bacterial ghosts 
of Staphylococcus aureus that induced by NaOH pro-
tected the whole rats’ population against virulent 
challenge [7]. The survival of the whole rats’ popula-
tion (100%) against virulent challenge and significant 
antibodies titer production were achieved by Listeria 
monocytogenes ghosts. The latter ghosts were chemi-
cally produced using several reagents, such as calcium 
carbonate, sodium hydroxide, sodium dodecyl sulphate, 
and hydrogen peroxide [16]. The prepared Escherichia 
coli O157:H7 by E-lysis gene achieved a 93.3% survival 
rate in rats after the lethal challenge test [17].

In the current study, we have used the chemically 
induced (tween 80) bacterial ghosts of Salmonella 
Typhimurium in the vaccination of animals to evaluate 
their immunologic characters. The purpose of the vac-
cine characterization is to interpret the immunological 
activity by measuring the ability of the vaccine to pro-
voke responses in form of humoral (e.g., antibodies in 
serum) and/or cellular (e.g., phagocytosis) immunity. 
The evaluation of the immune responses includes also 
the determination of the disappearance of virulence 
and the survival rate in animals. The study will char-
acterize the safety and efficacy profile of the tested 
vaccine.

Materials and methods
BGs preparation
Bacterial ghosts were produced from Salmonella enter-
ica serovar Typhimurium ATCC 11331 using the pro-
tocol that was previously described [8]. Briefly, the cells 
were incubated in Muller-Hinton broth containing 
7% v/v tween 80 for 24 h at 37 °C. The grown cells were 
then exposed to lactic acid (pH = 3.6). By centrifugation, 
ghosts’ pellets were separated, then washed three times 
by a sterile solution of half normal saline.

The generation of high-quality ghosts was proved by 
the visualization of the formed transmembrane tunnels 
using the scan electron microscope (SEM). The cen-
trifuged pellets of bacterial cells were investigated by 
SEM. The samples were fixed by glutheraldhyde 2.5% 
and dehydrated by serial dilutions of ethanol using auto-
matic tissue processor. The samples were dried using 
CO2 critical point drier (Tousimis Audosamdri-815). 
The samples were coated by gold sputter coater (SPI-
Module). Finally, samples were examined by SEM with 
amplification power of × 9500 and 20 kV and using high 
vacuum mode at the Regional Center Mycology and 
Biotechnology, Cairo, Egypt. Additionally, the quality 
of produced ghosts was tested by the quantification of 
released proteins and DNA in the supernatant before 
washing process using spectrophotometry. The centri-
fuged pellets of pure cells were stained by Gram stain 
then visualized by light microscope using amplification 
power of 1000 x in order to investigate cellular external 
surface integrity [18].

In order to guarantee a safe vaccine, the pure ghosts’ 
pellets were tested for viability by subculturing the broth 
at the end of the incubation period. Then the resultant 
subcultures viability was tested again by surface streak-
ing on Muller-Hinton agar plates. Finally, the obtained 
ghosts were lyophilized and stored.

Experimental animals
The ethical approval for this study was given to us (No. 
MI 1506) on 28/10/2015 by the Research Ethical Com-
mittee, College of Pharmacy, Cairo university to approve 
this trial. Twenty-four normal young adult male rats 
(Sprague–Dawley with average weight 150 g) were used 
in this study and obtained from the animal house of the 
Faculty of Veterinary Medicine, Cairo University.

Vaccination of animals
After 2 weeks of acclimatization and housing of the ani-
mals by the Holding Company of the Vaccines and Sera, 
Giza, Egypt, the rats were divided equally into six groups 
(4 rats in each group). According to previous studies [14, 
19], the groups were assigned as the following: group 1, 
(Control/PBS) was subcutaneously (S.C.) injected by 
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1 ml PBS. Group 2, (Control/Alum) was S.C. injected 
by 1 ml adjuvant (Alum). Group 3, (Oral BG) was orally 
vaccinated by 1 ml suspension of (300 μg/ml) of Salmo-
nella enterica serovar Typhimurium ATCC 13311 ghosts 
(BGs). Group 4, (Oral BG + Alum) was orally vaccinated 
by equal volumes of BGs + Alum (0.5 ml BG + 0.5 ml 
alum). Group 5, (S.C. BG) was subcutaneously vaccinated 
by 1 ml of (300 μg/ml) of BGs suspension. Group 6, (S.C. 
BG + alum) was subcutaneously vaccinated by equal vol-
umes of BGs + alum (0.5 ml BG + 0.5 ml alum). The vac-
cination of six groups was repeated every 14 days for 2 
cycles.

Withdrawing blood samples procedure
There are some procedures to withdraw blood samples 
from animals. The blood samples (2 ml) were withdrawn 
via retro-orbital sinus puncture [20] from each animal 
under anesthesia.

Determination of antibodies response
Serum was separated by centrifugation at 1400 g for 
20 min and stored at − 20 °C until analysis. The serum 
samples were collected every 14 days and were chal-
lenged against anti-rat IgG (whole molecule) –Horse-
radish Peroxidase (HRP) conjugate antibodies followed 
by ELISA analysis. As described before [11], the live Sal-
monella cells were added to each well of the 96- microw-
ell ELISA plates as 50 μl (10 × 109) and left to dry. Plates 
were blocked with 10% bovine serum albumin (BSA) for 
1 h. Sera samples were 2-fold serially diluted and dis-
pensed to the plates for 1 h, then were incubated and 
washed with the buffer (200 μl). The anti-rat IgG HRP 
conjugate was added to the whole plates as 1/1000. The 
plates were incubated for 1 h then washed as previously 
described. Then, substrate buffer was added (50 μl). The 
developed color was stopped using 2 N H2SO4. The read-
ings were taken using the microplate reader at 450 nm fil-
ter. Finally, the mean optical density was plotted against 
the time post vaccination.

Antibacterial activity in serum
After 42 days and finishing of the whole vaccination pro-
gram, serum (25 μl) was collected from each group and 
challenged by addition of 100 μl (1.5 X 108 CFU/ml) sus-
pension of live Salmonella enterica serovar Typhimurium 
ATCC 13311. The mixture \was incubated for 1 h at 37 °C. 
Then it was mixed uniformly with Shigella-Salmonella 
(S-S) media to count viable cells [19].

The granulocytes’ percentage calculation
Forty-two days later, 2 ml of withdrawn blood (from 
each group) were examined for differential complete 
blood count (CBC). The differential CBC performed 

on an automated blood analyzer then the granulocytes’ 
percentage was calculated, and abnormal results were 
reported.

Virulence challenge‑antibacterial response in feces
After finishing of the whole vaccination program, every 
rat was infected by S.C. injection of 1 ml (1.5 X 108 CFU/
ml) live Salmonella enterica serovar Typhimurium ATCC 
13311 cells. After 1 week, feces samples (1 g) were col-
lected from each group and were mixed uniformly with 
S-S media to investigate bacterial counts [21].

Virulence challenge‑antibacterial response in liver 
homogenate
One week after infection, all the rats were sacrificed 
and liver tissues (1 g) were homogenized and mixed 
uniformly with S-S media to investigate viable bacterial 
counts [21].

Termination of the animals
After finishing all required procedures, all animals 
were terminated by decapitation under anesthesia. 
Their cadavers and tissues were frozen until incinerated 
according to the standard procedure [22].

Statistical analysis
The significant difference between the means at a con-
fidence interval of 95% were compared using ANOVA 
for parametric data. The significant difference was 
determined while comparing the released quantities of 
proteins and DNA, the titers of antibodies, and CFU 
(in feces, serum, and liver homogenate) that resulted 
among different experimental groups. The survival rate 
using Kaplan-Meier- curves were generated. P values 

Fig. 1  Scanning electron micrograph showing the perforating 
effect of tween 80 on the cellular membrane of Salmonella’s cells 
(amplification power of × 9500 and 20 kV). The arrows are indicating 
surface pores
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< 0.05 and P values < 0.0001 were considered statisti-
cally significant. All the previous statistical analyses 
were accomplished using GraphPad Prism program 
version.6.01.

Results
Production of BGs
The obtained ghosts were intact bacterial shells showing 
several intra-membranous tunnels that obviously were 
shown in the SEM micrograph (Fig.  1). The optimizing 
physical and chemical conditions of the incubation led 
to the production of high-quality S. typhimurium ghosts. 
The high-quality of ghosts was proved by the release of 
high amount of proteins and DNA which are, 2975 μg/ml 
and 786 μg/ml respectively. In comparison to untreated 
cells, the released proteins and DNA were almost null 
which indicated a significant difference (P value < 0.05 
ANOVA analysis). The light microscopic examina-
tion revealed intact stained bacilli as shown in the light 
microscope micrograph (Fig. 2). The generated ghosts are 
considered safe as the subculture of prepared ghosts gave 
negative growth and zero viable cells.

Determination of antibodies response
At the end of the first vaccination cycle (14 days), there 
was no significant difference in the quantities of serum 
IgG’s among all the six groups (Control/PBS, control/
alum, Oral BG, Oral BG + alum, S.C. BG, and S.C. 
BG + alum). At the end of the second cycle (28 days), 
the highest IgG titer was shown in the subcutaneously 
vaccinated group (S.C. BG + alum), with significant dif-
ference P value 0.0001(one-way ANOVA), Fig. 3.

Finally, at the end of the last cycle of vaccination 
(42 days), both subcutaneously vaccinated groups 
(S.C.BG and S.C. BG + alum) showed a significant dif-
ference P value 0.0001 (one-way ANOVA) in the serum 
IgG antibodies quantity. The subcutaneously vaccinated 

group (S.C.BG + alum) showed the ultimate highest 
serum IgG during the whole 42-day vaccination period 
which reached 3.125 optical density (OD). The subcuta-
neously vaccinated group by BG (S.C. BG) was hitting 
2.686 OD at 450 nm, Fig. 3.

Antibacterial activity in serum
The collected sera from all groups were challenged 
against live Salmonella cells. The virulence challenge 
test showed the failure of all vaccinated groups except 
the subcutaneously vaccinated group by BG with adju-
vant (S.C. BG + alum) showing full protection. The sera 
of this group showed absence of any viable salmonella 
cells, Fig. 3. Other groups showed high viable cell counts, 
Fig. 4.

The percentage of granulocytes
The percentage of granulocytes was significantly 
increased P-value 0.0001 (one-way ANOVA) among 
the subcuteneously vaccinated group by BG combined 
with alum (S.C. BG + alum). The granulocytes were pre-
sent in almost the same pecentage (18%) among other 
groups, Fig.  4. The least percentage (6.2%) of granulo-
cytes were shown among the orally vaccinated group by 
BG (Oral BG). The subcuteneously vaccinated group by 
BG showed only granulocytes’ percentage of 12%, Fig. 5.

Virulence challenge‑antibacterial response in feces
One week later after the whole vaccination period up, all 
groups were subcutaneously infected by a fresh stand-
ard culture of Salmonella enterica serovar Typhimu-
rium ATCC 11331. One week after the infection, the 
fecal bacterial count had been completed. The maximum 
antibacterial activity response was shown among the sub-
cutaneously vaccinated groups by BG and BG + alum, as 
well as, the alum control group (S.C. BG; S.C. BG + alum; 
Control/alum). All the previously mentioned groups 
showed the disappearance of viable Salmonella cells in 
the feces, Fig. 6.

Both orally vaccinated groups (Oral. BG and Oral 
BG + alum) along with the Control/PBS group failed to 
be protected against the virulent bacteria, as is shown in 
the feces variable viable cells counts. The highest viable 
counts (2.4 10 6 CFU/gm) were shown among the PBS 
control group, while the orally vaccinated groups by BG 
and BG + alum showed 1.5 105 and 1.16 105 CFU/gm 
respectively P value 0.0001 (One-way ANOVA), Fig. 6.

Virulence challenge‑antibacterial response in liver 
homogenate
None of the vaccinated group have shown any liver pro-
tection against the virulence challenge by salmonella 
except the subcutaneously vaccinated group by BG with 

Fig. 2  Light micrograph revealing surface integrated and unaffected 
Salmonella Gram- stained cells (amplification power of 1000 x)
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Fig. 3  The OD of IgG titers produced versus days among different vaccination groups. P value 0.0001 vs PBS, Alum, and BG-Oral groups after 
28 days and vs PBS, Alum, BG-Oral, and BG-Alum-Oral groups after 42 days
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adjuvant (S.C. BG + alum). The other vaccinated groups 
have shown variable viable cells counts. The subcutane-
ously vaccinated group by BG (S.C. BG) have shown 
significant decrease in the virulent viable count P-value 
0.0001 (One-way ANOVA) which was 7000 CFU/gm. 
Both control groups, PBS and alum, have shown an 
uncountable number of viable counts, Table 1.

The survival animals after virulence challenge test
After 7 days of virulence challenge test and intentional 
infection by salmonella to all vaccinated groups, full sur-
vival was achieved among both groups of subcutaneously 
vaccinated groups (S.C. BG) and orally vaccinated group 
by BG an adjuvant (Oral BG + alum)). Only one rat (25%) 
died among the group that subcutaneously vaccinated by 
BG with adjuvant (S.C. BG + alum). The survival percent-
age was the same (50%) in both control groups (Control/
PBS and Control/alum). The lowest survival percent-
age (25%) was among the orally vaccinated group by BG 
(Oral BG), Fig. 7.

Discussion
Recently, different approaches have been used to 
develop human and veterinarian vaccines. Such 
approaches either utilize the cellular surface displaying 
properties (e.g., Protein A in Gram-positive bacteria 
and specific outer-membrane proteins in Gram-nega-
tive bacteria) [23], or advanced molecular techniques. 
Such techniques involve genetically engineered vac-
cines, inverted pathogenicity (utilizing virulence fac-
tors to prevent or treat a disease) [11], and bacterial 

ghosts’ delivery system [11, 13]. The preserved surface 
structures and components of the BG can induce both 
innate and adaptive immune response [24].

Using of bacterial ghosts is one of promising 
approaches to obtain a competent vaccine [25]. The 
need for an easy, economic, and feasible method for 
preparation of BGs is simultaneously amplified with the 
increased BGs’ applications. Traditionally, BGs were pre-
pared by genetic means utilizing the E-lysis gene which 
is exclusively effective by Gram-negative bacteria in the 
production of a well-formed transmembrane tunnel [2]. 
Multiple steps used to be applied to obtain a hundred 
percent (100%) of non-living lysed cells [26]. The high 
cost and sophistication are limiting factors of using the 
genetic methods for the preparation of bacterial ghosts. 
Alternatively, Chemical agents can be used in critical 
concentrations and specific periods of time for prepara-
tion of Gram positive BGs [7, 27], Gram negative BGs 
[12, 15, 21], yeasts’ ghosts [28], and even viral ghosts [29].

In the current study, the highest serum bactericidal 
activity (100% eradication) was achieved in the BG+ 
alum subcutaneously immunized animals. Salmonella 
cells disappeared from the feces of the immunized rats 
by subcutaneous injection of both BG and BG + alum 
vaccine after virulence challenge test. In previous stud-
ies, the minimum inhibitory concentration (MIC) of 
sodium hydroxide induced BG of S. aureus showed a 
significant lowering of the total bacterial load within 
the internal organs (liver, spleen, lungs, and kidneys) of 
all vaccinated rats’ groups (orally, subcutaneously, and 
intravenously) [12].

Fig. 4  The viable count of Salmonella in rats’ serum of different vaccinated groups. P value 0.0001 vs PBS, BG-Oral, BG-sc, and BG-Alum-sc groups
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In a related study, Salmonella enteritidis ghosts (SEG) 
that were also prepared by the same agent (NaOH) 
showed a comparable immune response. The highest 
serum bactericidal effect was shown in the intramuscular 
(SEG) with complete Freund’s adjuvant followed by the 
orally vaccinated rats’ group at the sixth week. Similarly, 
the intramuscular (SEG) vaccine with adjuvant gave the 
highest IgG titers and showed the least bacterial load in 
the internal organs’ homogenates, followed by intramus-
cular, then orally vaccinated group in week 8 and week 
10. All vaccinated groups exhibited significant humoral 

Fig. 5  The percentage of granulocytes among different vaccinated groups. P value 0.0001 vs BG-Oral group

Fig. 6  The viable count of Salmonella in rats’ feces among different vaccinated groups. P value 0.0001 vs all groups

Table 1  The viable count of Salmonella in rats’ liver homogonate 
among different vaccinated groups

P value 0.0001 vs all groups

Vaccine type Viable count CFU/gm

PBS uncountable

BG Oral 1.3 10 5

BG + Alum Oral 3 10 4

BG SC 7000

Alum uncountable

BG + Alum SC 0
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Fig. 7  The survival percentage among all vaccinated groups
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and cellular immune responses in comparison to the 
non-vaccinated rat groups [15].

In this study, the highest IgG titers were at the maxi-
mum level in the subcutaneously vaccinated group with 
BG + alum followed by the BG subcutaneously vaccinated 
group on the last day of immunization program. The bac-
terial load in the liver homogenate significantly reduced 
in the subcutaneously vaccinated rats by BG only after 
virulence challenge and disappeared in the vaccinated 
group by BG + alum. In a previous study, the highest IgG 
antibody activity and the serum bactericidal activity were 
elicited in the subcutaneously vaccinated group at week 9, 
followed by intravenously, then finally, orally vaccinated 
group. Likewise, CD4+ and CD8+ T-cell populations 
were produced in the largest percentage in the subcuta-
neously, intravenously, then orally vaccinated groups. The 
survival rate was 100% in the intravenously immunized, 
while about 60% in the non-immunized group [7].

In another trial, the immunized cattle by genetically 
prepared BGs of Brucella suis S2 showed the same titers 
of IgG, interleukin 4, INF-γ, and T-cells as is shown in 
the conventional (formalin-killed Brucella) immunized 
cattle [30].

In the current trial, the survival rate in the BG subcu-
taneously vaccinated rats’ group was 100%. This was fol-
lowed by the BG-adjuvant subcutaneously vaccinated 
group (75%), while the lowest survival rate was in the 
orally vaccinated group. In a corresponding results in 
another study, the immunization of rats by subcutane-
ous injection of BGs of Listeria monocytogenes that were 
prepared by sponge-like protocol (a chemically induced 
method) [31] that protected the immunized rats by 100% 
in the opposite of 0% percent survival in non-immunized 
animals. By using the same protocol, sponge-like proto-
col, Salmonella Typhimurium ATCC 14028 was turned 
into BGs then orally administered. The serum of the 
orally vaccinated group showed agglutination reactions 
between antigen O and H against antibodies that prove 
the correct Salmonella envelop structure that may pro-
tect against live Salmonella infection [14].

In a previous study, the prepared Klebsiella pneumo-
nia by the same protocol (Sponge-like chemical proto-
col) gave both cellular and humoral immune responses 
in form of subcutaneous (the highest activity), inhalation, 
intraperitoneal, and intramuscular routes.

In contrast to the result of the current study, the oral vac-
cines of salmonella’s BGs failed to protect rats. However, 
another study showed that orally vaccinated animals by 
BGs of E. coli O157:H7 [17] and H. pylori [13] were sur-
vived by 93 and 100% respectively. Additionally, the bacte-
rial colonization in the intestine (E. coli BG vaccine) and 
stomach (H. pylori BG vaccine) was reduced. Also, there 

was significant existence of anti H. pylori and Omp-specific 
antibodies in H. pylori BG vaccinated animal group [13].

In this study, the highest percentage of granulocytes 
was raised in the BG + alum subcutaneously immunized 
group. Significant induction of dendritic cells antigen 
presentation and release of different interleukins and 
anaphlytoxins were followed the subcutaneous immu-
nization of rabbits by BG of V. cholerae H1 strains [32]. 
It was compatible with the results of the current study 
that 100% protection was accomplished by the immuni-
zation of both rabbits and mice by genetically induced 
Pasturella multocida and Pasturella haemolytica BGs by 
subcutaneous route [33].

The chemically prepared (tween 80 protocol) Salmo-
nella enterica serovar Typhimurium BGs vaccines were 
able to protect all the immunized rats (survival rate 
100%) without adjuvant. It also offered both humoral and 
cellular immune responses in the case of the subcutane-
ous route of administration. The minor immune response 
of the oral BG vaccine may refer to the gastric intestinal 
digestion as well as possible intentional reflux by the ani-
mal itself.

Conclusions
The immunological characters of salmonella BG that 
have been revealed in this study show that BGs can be 
a promising platform for effective vaccine production 
to immunize against a variety of bacterial infections in 
animals. However, further preclinical trials are required 
to assure the ghosts’ vaccines’ safety and applicability, 
before shifting to the phases of the clinical trials can be 
initiated.
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