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Abstract: An ideal vaccine for controlling Salmonella infection in chicken flocks should be safe,
inducing both humoral and cellular immunity. Live attenuated vaccines against Salmonella Enteritidis
(S. Enteritidis) have been used as a potential control method of Salmonella infection in the poultry
industry. However, live attenuated vaccines can persistently infect poultry for long periods and can
become virulent revertant strains. In this study, we assessed the immune responses and protective
efficacy of a temperature-sensitive attenuated S. Enteritidis mutant as a potential vaccine candidate.
In addition, we evaluated the combined vaccine administration methods to maximize both humoral
and cellular immune responses in chickens induced by the vaccine candidate. Immune responses and
protective efficacy were compared between the Oral/IM group, vaccinated using one oral dose at four
weeks old and a booster intramuscular dose at seven weeks old, and the IM/Oral group, vaccinated
using one intramuscular dose at four weeks old and a booster oral dose at seven weeks old. The
Oral/IM group showed stronger immune responses than those of the IM/Oral group. Spleens from
the Oral/IM group showed a promising tendency of reduction of challenged Salmonella compared
with those of other groups. Overall, the results indicated that the S. Enteritidis mutant strain is a
promising live attenuated vaccine candidate with good efficacy.

Keywords: Salmonella Enteritidis; live attenuated vaccine; immune response; protective efficacy

1. Introduction

A significant proportion of human Salmonella infections are caused by the consumption
of raw or undercooked poultry products [1,2]. Notably, Salmonella Enteritidis (S. Enteritidis)
is one of the most frequently reported serotypes in human Salmonella infections [3]. This
public health concern can result in significant economic losses and can be aggravated by the
antimicrobial resistances in Salmonella [2,4,5]. Therefore, controlling the contamination of
poultry products is important for reducing salmonellosis. In addition to good hygiene and
biosecurity practices, several methods have been employed to reduce Salmonella infections
in poultry farms, such as the use of food additives, selection of chicken strains that are ge-
netically resistant to Salmonella infections, and the development of Salmonella vaccines [6–9].
Particularly, live attenuated vaccines against S. Enteritidis have proven efficacy in poultry
flocks [10]. Live attenuated vaccines are easy to administer and are more effective than
inactivated bacterin vaccines, as they induce strong protective immunity [11,12]. However,
live attenuated vaccines can persist for long periods in poultry, and high risk is associated
with reversion of the vaccine to a virulent strain [13]. Therefore, the development of a safe
and immunogenic strain is the biggest challenge in developing live Salmonella vaccines [14].

We previously developed a live attenuated Salmonella strain vaccine candidates using
N-methyl-N′-nitro-N-nitrosoguanidine (not published). In this study, we evaluated its
immunogenicity and protective efficacy in chickens.
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2. Materials and Methods
2.1. Animals

Sixty female three-week-old specific-pathogen-free white leghorn chickens were used
in this study. Upon arrival, the Salmonella-free status of the chickens was verified by a
bacterial culture of the liver and cecum tissues of randomly selected chickens. No Salmonella
colonies were detected in any of the tissue samples. All chickens in the experimental and
control groups were maintained separately in chicken isolators. Commercial feed and
drinking water were provided ad libitum. Cleaning and feeding regimes were organized
to effectively prevent cross-contamination throughout the trials. The 3R principle was
followed for the ethical use of experimental animals, and animal experiments were con-
ducted under the regulations of Konkuk University’s Institutional Animal Care and Use
Committee (registration number: KU21085).

2.2. Bacterial Strains and Culture

We used a 2S G10 strain, which is a temperature-sensitive mutant of S. Enteritidis
developed in our laboratory. It can grow optimally at 33 ◦C and has a limited capability
for replication at 41 ◦C, the body temperature of chickens. For the challenge inoculation,
the 2B strain, a parental strain of 2S G10 isolated from chicken livers, was used. The 2S
G10 and the 2B strains were stored as frozen cultures in tryptic soy broth (BD, Sparks, MD,
USA) containing 80% glycerol at−70 ◦C until use. Frozen cultures were washed thrice with
phosphate-buffered saline (PBS; Gibco, Paisley, UK) and adjusted to 2 × 107 and 2 × 108

colony-forming units (CFUs), respectively.

2.3. Vaccination and Challenge Inoculation

Chickens were vaccinated at four and seven weeks of age (Figure 1). Sixty chickens
were equally divided into three groups (n = 20). The Oral/IM group of chickens was orally
vaccinated at four weeks with 2 × 107 CFU of the 2S G10 vaccine in 100 µL PBS and intra-
muscularly boosted at seven weeks with the same concentration of 2S G10. The IM/Oral
group was intramuscularly vaccinated at four weeks and orally boosted at seven weeks
with the same concentration of 2S G10. The control group was orally and intramuscularly
inoculated with 100 µL of PBS at four and seven weeks, respectively. Ten chickens per group
were euthanized two weeks post-booster vaccination, and the spleens and ceca were col-
lected. Ten remaining chickens from each group were challenged orally with 2 × 108 CFU
of the 2B strain in 100 µL PBS. One week post challenge, all remaining chickens were
sacrificed and the spleens and ceca were collected for the isolation of Salmonella strains.
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Figure 1. Experimental design diagram for evaluation of immune responses and protective efficacy
of a vaccine candidate in chickens.

2.4. Serological Assay

Serum was obtained after centrifugation of blood samples collected from the peripheral
jugular vein of all chickens three weeks post prime and two weeks post-booster vaccination.
For the detection of S. Enteritidis-specific antibodies, serum samples were tested using a
commercially available ELISA kit (IDEXX SE Ab X2 Test kit; IDEXX Laboratories-Westbrook,
ME, USA) according to the manufacturer’s instructions. The results were recorded as
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sample-to-positive (S/P) ratios determined by the ratio between the optical density (OD) of
each sample and the mean OD of the positive control.

2.5. Preparation of Splenocytes

Two weeks post booster vaccination, the spleens were aseptically removed from chick-
ens and squeezed through a 40 µm cell strainer in RPMI1640 culture medium containing 2%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) to prepare a single-cell suspension.
Splenocytes were isolated by density gradient centrifugation at 400× g for 30 min using
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA), washed thrice with PBS, and ad-
justed to 5× 105 cells/190 µL in culture medium (RPMI1640 supplemented with glutamax-I
(Gibco, NY, USA), 10% FBS, 50 mM β-mercaptoethanol (Gibco, NY, USA), 100 U/mL peni-
cillin, 100 µg/mL streptomycin, and fungizone 0.25 µg/mL (1X antibiotic–antimycotic;
Gibco, NY, USA)) [15].

2.6. ELISpot Assay

A precoated chicken IFN-γ ELISpotPLUS kit (Mabtech, OH, USA) was used. The plate
was incubated with blocking buffer (RPMI1640 medium supplemented with glutamax-I
and 10% FBS) for 30 min at 22 ◦C. The blocking buffer was discarded and splenocytes were
seeded at 5 × 105 cells/well with the culture medium in triplicate. Cells were incubated in
the presence of either culture medium or medium supplemented with one of the following
stimulants at a final volume of 200 µL per well: concanavalin A (Invitrogen, Carlsbad, CA,
USA) or soluble antigen prepared by sonicating the 2S G10 strain. The cells were incubated
for 32.5 h at 37 ◦C and 5% CO2. After five washes, chicken IFN-γ (ChIFN-γ) was detected
by incubation with 1 µg/mL biotinylated monoclonal antibody (MT7C10-biotin) in PBS
containing 0.5% FBS (PBS-0.5% FBS) for 2 h at 22 ◦C. The plate was washed five times with
PBS and incubated with streptavidin-HRP in PBS-0.5% FBS for 1 h at 22 ◦C. The plate was
washed five times with PBS and ready-to-use 3,3’, 5,5’-tetramethylbenzidine substrate was
added. The plate was then extensively washed in tap water, air-dried, and analyzed using
an AID iSpot machine. Analyze software (Version 7.0, AID GmbH, Strassberg, Germany)
allowed automated counting of the number of spots based on size and intensity.

2.7. Bacterial Strain Recovery

At two weeks post booster vaccination and one week post challenge, Salmonella
strains (Log10 CFU/g) in the cecal contents and spleen were quantified using the plate
counting method. Briefly, the cecal content was removed from the ceca. The spleens and
cecal contents were weighed and homogenized. A 10-fold serial dilution was prepared
to enumerate Salmonella strains in the processed organs. The number of bacteria was
estimated by spreading the homogenate on ChromoSelect Agar (Sigma-Aldrich, MO, USA).
The plates were incubated at 37 ◦C for 24 h.

2.8. Statistical Analysis

Data are presented as mean ± standard deviation (s.d.). Data were compared between
the control and vaccine groups and among the vaccine groups by one-way analysis of
variance followed by Tukey’s post hoc tests. Statistical analyses were performed using R
(version 4.1.2, RStudio, Inc., Boston, MA, USA). Differences between the treatment groups
were considered statistically significant at p < 0.05.

3. Results
3.1. Humoral Immune Responses Induced by Vaccination

The results of the serological examination after the prime and boost vaccinations are
shown in Figure 2. Three weeks after the prime vaccination, significantly higher antibody
titers were detected in the IM/Oral vaccine group than in the Oral/IM or non-vaccinated
groups (p = 0.013). However, two weeks after the booster vaccination, significantly higher
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antibody titers were detected in the Oral/IM vaccine group than in the IM/Oral or non-
vaccinated groups (p = 0.002).
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Figure 2. Salmonella Enteritidis-specific antibody titers induced by vaccination. Blood samples were
collected at (a) three weeks after prime vaccination, and (b) two weeks after booster vaccination.
Serum was isolated from the blood and S. Enteritidis-specific antibody titers were measured with
a commercial ELISA kit. Each bar represents the mean sample to positive (S/P) ratio. Oral/IM,
prime-boost vaccinated group with the candidate strain via oral–intramuscular route; IM/Oral,
prime-boost vaccination with the candidate via intramuscular–oral route. * p < 0.05; ** p < 0.005.

3.2. Cellular Immune Responses Induced by Vaccination

ChIFN-γ production by splenocytes was measured 32.5 h after stimulation with
soluble antigen two weeks post booster vaccination. The results were expressed as IFN-γ
spot-forming cells (SFC) per 5 × 105 splenocytes. As shown in Figure 3, the number of
Salmonella antigen-specific T cells secreting ChIFN-γ was increased in the Oral/IM group
(455 ± 288 of IFN-γ SFC/5 × 105 splenocytes on an average) when compared to that in
the non-vaccinated group (152 ± 152 of IFN-γ SFC/5 × 105 splenocytes; p = 0.0145. The
IM/Oral group showed 143 ± 199 of IFN-γ SFC/5 × 105 splenocytes on an average, which
was significantly different (p = 0.0117) from that of the Oral/IM group.

3.3. Re-Isolation of Salmonella Strains

The protective efficacy of the vaccine candidate strain against the parental strain was
investigated by direct colony counting of the homogenized samples on ChromoSelect agar
(Figure 4). Two weeks post booster vaccination, no Salmonella was detected in the cecal
contents of the vaccinated chickens. Unlike the result of the prechallenge, Salmonella strain
was found in the cecal contents after the challenge. Six, seven, and five out of ten chickens
were positive for Salmonella in the SE Pos, Oral/IM, and IM/Oral groups, respectively.
However, the number of log10 CFU/g was not significantly different among the groups
(p > 0.05). Examination of spleen samples revealed that only one chicken was positive for
Salmonella in the Oral/IM group, and the number of log10 CFU/g was lower than that in
the SE Pos and IM/Oral groups.
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Figure 3. ELISpot analysis of stimulated T cells. Splenocytes collected after booster vaccination were
added into chicken interferon-γ (ChIFN-γ)-coated wells and stimulated with soluble antigen for
32.5 h. The results represent the number of ChIFN-γ-secreting cells. PBS—non-vaccinated group;
Oral/IM—prime-boost vaccinated group with the candidate strain via oral–intramuscular route; and
IM/Oral—prime-boost vaccination with the candidate via intramuscular–oral route. * p < 0.05.
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Figure 4. Salmonella titers (log10 CFU/g) in cecal contents before and after challenge and in the spleen
after the challenge. At two weeks after vaccination and one week after challenge, ten chickens were
euthanized and the Salmonella titers in the cecal contents and spleens were determined. (a) Cecal
contents two weeks post booster vaccination (p = 0.38), (b) Cecal contents one week post-challenge
(p = 0.66), and (c) Spleen one week post-challenge (p = 0.28). Spleen tissues of chickens before
challenge were used for ELISpot assay. SE Pos—non-vaccinated but challenged group; Oral/IM—
prime-boost vaccinated group with the candidate strain via oral–intramuscular route; and IM/Oral—
prime-boost vaccination with the candidate via intramuscular–oral route.
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4. Discussion

Vaccination is a valuable tool for controlling Salmonella infections in chickens [16,17].
A live attenuated Salmonella vaccine can lead to antigen presentation, resulting in high in-
duction of specific humoral and cellular immune responses, and efficient protection against
secondary infection. An ideal vaccine for the efficient control of pathogenic Salmonella
infections should be safe and should induce both humoral and cellular immunity [18].
Commercial vaccines available against S. Enteritidis are mostly inactivated formulations.
These vaccines mainly stimulate antibody production and only have antigens present at
the time of in vitro harvesting. Therefore, most of the current S. Enteritidis vaccines induce
insufficient immune response to protect chickens from Salmonella infection [19,20]. In this
study, we evaluated the immunogenic potential and protective efficacy of a novel formu-
lation of S. Enteritidis strain as a vaccine candidate using a combination of two different
inoculation routes. Oral inoculation is economical, easy to apply and one of the most
commonly recommended methods for mass vaccination in the poultry industry [21,22].
Other researchers have shown that oral vaccination with a S. Enteritidis live vaccine re-
duced shedding of the challenged strain after challenge infection and induced significantly
better response of splenocytes against S. Enteritidis-flagella compared to that of the un-
vaccinated chickens [7,23]. The efficacy test of S. Gallinarum 9R vaccine strain evaluated
using 10-week-old white leghorn chickens showed partial protection after oral and subcu-
taneous vaccination as three and one out of twenty liver cultures were found to be positive,
respectively [24]. These results indicated that oral administration of a Salmonella live vac-
cine could not provide sufficient protection to the chickens against the systemic Salmonella
infection compared to subcutaneous administration. Intramuscular inoculation requires
more labor, but has been related to higher antibody responses [16,25]. Previous data demon-
strated that intramuscular inoculation of a live S. Gallinarum vaccine elicited clear humoral
immune responses in which immunoglobulin G concentration was significantly higher
than the PBS control group 1 week post-vaccination [26]. Moreover, there is a result that
chickens received two intramuscular injections of S. Gallinarum vaccine at 10 and 14 weeks
old, which showed the strongest and more long-lasting antibody responses than the group
receiving two oral inoculation or a single injection [27]. These previous results indicated
that oral inoculation of Salmonella live vaccines can induce a high cellular immune response,
while subcutaneous or intramuscular administration can induce a high humoral immune
response. Both immune responses are required to sufficiently protect birds from local and
systemic Salmonella infection. Therefore, we evaluated oral and intramuscular combined
vaccine administration methods and compared prime-boost vaccination with the vaccine
candidate via oral–intramuscular and intramuscular–oral routes, respectively, to strengthen
the advantages of each inoculation route.

Cellular immunity protects animals against intracellular pathogens by activating cy-
totoxic and helper T-lymphocytes, macrophages, and natural killer cells [28,29]. These
activated T-lymphocytes can produce Th1 and Th2 immune responses mediated by cy-
tokines or by directly destroying foreign organisms [28]. In this study, we investigated
the Th1 response by examining the number of Salmonella-specific T-cells that produce
ChIFN-γ, the most important cytokine during the early phase of infection by intracellular
pathogens [28]. The chickens in the Oral/IM group showed significantly higher levels of
IFN-γ cytokine responses than those in the non-vaccinated group, whereas no significant
difference was noticed between the IM/Oral and non-vaccinated groups. This suggested
that primary vaccination through the oral route and intramuscular booster mainly in-
duced Th1 immune response. Th2 cells produce several cytokines that are important for
the induction of humoral immune responses and antibody production [30]. Monitoring
serum antibodies after each vaccination revealed that the prime-boost immunizations using
different routes induced a significant increase in the S/P ratio. Intramuscular priming
induced a significantly higher IgG response than oral priming three weeks after vaccination.
However, the chickens in the Oral/IM group, which received prime vaccination via the
oral route, showed a significant increase in IgG levels when administered with a booster
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dose via the intramuscular route. On the other hand, no significant differences in IgG levels
were noticed in the IM/Oral group after oral boosting. These results indicated that the
intramuscular administration of live attenuated S. Enteritidis induces a strong humoral
immune response, regardless of the order of prime-boost vaccination.

The prime dose of vaccination induces adaptive immune responses through the
activation of B or T lymphocytes, which either leads to antibody production or cellular
immunity, respectively, and subsequent exposure to a booster dose further enhances the
immune responses via memory cells formed after prime vaccination [25]. Although oral
vaccination did not increase antibody titers, their increase after intramuscular booster
vaccination suggests that oral vaccination also can generate memory B cells to some extent.

Protection efficacy appeared to be partially dependent on the prime-boost strategy.
Although no significant differences were observed among the groups regarding protective
efficacy at one week after challenge, a decreased log10 CFU was noticed for the spleens in
the Oral/IM group. Moreover, we assumed that re-isolated Salmonella are not the 2S-G10
strain, since there is a datum indicating that the 2S-G10 strain disappears in a week when
inoculated to 1-day-old chicks (not published). Therefore, prime and booster vaccinations
via the oral and intramuscular routes could induce protective effects in chickens, as these
findings also correlated with the data of immune response; therefore, increasing the cellular
immune responses through oral vaccination is necessary to improve protection against
Salmonella infection.

5. Conclusions

The results of this study indicate that our live attenuated S. Enteritidis strain can be
used as a vaccine with an optimized immunization strategy via the oral–intramuscular
route to prevent Salmonella infection in chickens and contribute significantly to establishing
consumer confidence in safe poultry products.

Author Contributions: Conceptualization, T.-M.L.; Data curation, H.S.; Methodology, H.S., H.-J.L.,
T.K., S.-u.S., E.P. and G.-H.P.; Project administration, H.S.; Visualization, H.S.; Supervision, T.-M.L.,
I.-S.C., S.-Y.P., J.-B.L. and S.-W.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Korea Institute of Planning and Evaluation for Technology in
Food, Agriculture, Forestry (IPET) through Agriculture, Food, and Rural Affairs Convergence Tech-
nologies Program for Educating Creative Global Leader Program, funded by Ministry of Agriculture,
Food, and Rural Affairs (MAFRA) (320005-04-3-SB090).

Institutional Review Board Statement: The animal study protocols were approved by Konkuk
University’s Institutional Animal Care and Use Committee (registration number: KU21085).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Skovgaard, N. Risk assessments of Salmonella in eggs and broiler chickens. Interpretative summary. Int. J. Food Microbiol. 2004,

91, 223. [CrossRef]
2. Hossain, M.J.; Attia, Y.; Ballah, F.M.; Islam, M.S.; Sobur, M.A.; Islam, M.A.; Ievy, S.; Rahman, A.; Nishiyama, A.; Islam, M.S.; et al.

Zoonotic Significance and Antimicrobial Resistance in Salmonella in Poultry in Bangladesh for the Period of 2011. Zoonotic Dis.
2021, 1, 3–24. [CrossRef]

3. Centers for Disease Control and Prevention (CDC). National Enteric Disease Surveillance: Salmonella Annual Report. 2016.
Available online: https://www.cdc.gov/nationalsurveillance/pdfs/2016-salmonella-report-508.pdf (accessed on 15 April 2018).

4. Nair, D.V.T.; Johny, A.K. Food Safety in poultry meat production. In Food Safety in Poultry Meat Production; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 1–24. [CrossRef]

5. Hafez, H.M.; Shehata, A.A. Turkey production and health: Current challenges. Ger. J. Vet. Res. 2021, 1, 3–14. [CrossRef]

http://doi.org/10.1016/S0168-1605(03)00369-6
http://doi.org/10.3390/zoonoticdis1010002
https://www.cdc.gov/nationalsurveillance/pdfs/2016-salmonella-report-508.pdf
http://doi.org/10.1007/978-3-030-05011-5
http://doi.org/10.51585/gjvr.2021.0002


Vaccines 2022, 10, 1405 8 of 8

6. Van Immerseel, F.; De Zutter, L.; Houf, K.; Pasmans, F.; Haesebrouck, F.; Ducatelle, R. Strategies to control Salmonella in the broiler
production chain. World’s Poult. Sci. J. 2009, 65, 367–392. [CrossRef]

7. Babu, U.; Dalloul, R.A.; Okamura, M.; Lillehoj, H.S.; Xie, H.; Raybourne, R.B.; Gaines, D.; Heckert, R.A. Salmonella enteritidis
clearance and immune responses in chickens following Salmonella vaccination and challenge. Vet. Immunol. Immunopathol. 2004,
101, 251–257. [CrossRef]

8. Tellez-Isaias, G.; Vuong, C.N.; Graham, B.D.; Selby, C.M.; Graham, L.E.; Señas-Cuesta, R.; Barros, T.L.; Beer, L.C.; Coles, M.E.;
Forga, A.J.; et al. Developing probiotics, prebiotics, and organic acids to control Salmonella spp. in commercial turkeys at the
University of Arkansas, USA. Ger. J. Vet. Res. 2021, 1, 7–12. [CrossRef]

9. Attia, Y.A.; Ellakany, H.F.; El-Hamid, A.E.A.; Bovera, F.; Ghazaly, S.A. Control of Salmonella enteritidis infection in male layer
chickens by acetic acid and/or prebiotics, probiotics and antibiotics. Arch. Geflugelkd. 2012, 76, 239–245.

10. Desin, T.S.; Köster, W.; Potter, A.A. Salmonella vaccines in poultry: Past, present and future. Expert Rev. Vaccines 2013, 12, 87–96.
[CrossRef]

11. Lillehoj, E.P.; Yun, C.H.; Lillehoj, H.S. Vaccines against the avian enteropathogens Eimeria, Cryptosporidium and Salmonella. Anim.
Health Res. Rev. 2000, 1, 47–65. [CrossRef]

12. Zhang-Barber, Z.; Turner, A.K.; Barrow, P.A. Vaccination for control of Salmonella in poultry. Vaccine 1999, 17, 2538–2545. [CrossRef]
13. Tan, T.; Gyles, C.L.; Wilkie, B.N. Evaluation of an aroA mutant Salmonella typhimurium vaccine in chickens using modified

semisolid Rappaport Vassiliadis medium to monitor faecal shedding. Vet. Microbiol. 1997, 54, 247–254. [CrossRef]
14. Young, M.K.; Cox, M.M.; Calhoun, L.N. Salmonella-based vaccines for infectious diseases. Expert Rev. Vaccines 2007, 6, 147–152.

[CrossRef]
15. Ariaans, M.P.; van de Haar, P.M.; Lowenthal, J.W.; van Eden, W.; Hensen, E.J.; Vervelde, L. ELISPOT and intracellular cytokine

staining: Novel assays for quantifying T cell responses in the chicken. Dev. Comp. Immunol. 2008, 32, 1398–1404. [CrossRef]
[PubMed]

16. Jia, S.; McWhorter, A.R.; Andrews, D.M.; Underwood, G.J.; Chousalkar, K.K. Challenges in vaccinating layer hens against
Salmonella Typhimurium. Vaccines 2020, 8, 696. [CrossRef] [PubMed]

17. Beal, R.K.; Wigley, P.; Powers, C.; Barrow, P.A.; Smith, A.L. Cross-reactive cellular and humoral immune responses to Salmonella
enterica serovars Typhimurium and Enteritidis are associated with protection to heterologous re-challenge. Vet. Immunol.
Immunopathol. 2006, 114, 84–93. [CrossRef]

18. Mastroeni, P.; Villarreal-Ramos, B.; Hormaeche, C.E. Adoptive transfer of immunity to oral challenge with virulent salmonellae in
innately susceptible BALB/c mice requires both immune serum and T cells. Infect. Immun. 1993, 61, 3981–3984. [CrossRef]

19. Barrow, P.A. Salmonella infections: Immune and non-immune protection with vaccines. Avian Pathol. 2007, 36, 1–13. [CrossRef]
20. Jawale, C.V.; Chaudhari, A.A.; Jeon, B.W.; Nandre, R.M.; Lee, J.H. Characterization of a novel inactivated Salmonella enterica

serovar Enteritidis vaccine candidate generated using a modified cI857/λ P R/gene E expression system. Infect. Immun. 2012, 80,
1502–1509. [CrossRef]

21. Desloges, N.; Schröder, I.; Schwefer, S. Development of a third generation vaccine to prevent Salmonella infections in commercial
poultry flocks. Lohmann Inf. 2010, 45, 22–26.

22. Nandre, R.; Matsuda, K.; Lee, J.H. Efficacy for a New Live Attenuated Salmonella Enteritidis Vaccine Candidate to Reduce Internal
Egg Contamination. Zoonoses Public Health 2014, 61, 55–63. [CrossRef]

23. Babu, U.; Scott, M.; Myers, M.J.; Okamura, M.; Gaines, D.; Yancy, H.F.; Lillehoj, H.; Heckert, R.A.; Raybourne, R.B. Effects of live
attenuated and killed Salmonella vaccine on T-lymphocyte mediated immunity in laying hens. Vet. Immunol. Immunopathol. 2003,
91, 39–44. [CrossRef]

24. Silva, E.N.; Snoeyenbos, G.H.; Weinack, O.M.; Smyser, C.F. Studies on the use of 9R strain of Salmonella gallinarum as a vaccine in
chickens. Avian Dis. 1981, 25, 38–52. [CrossRef] [PubMed]

25. Won, G.; Chaudhari, A.A.; Lee, J.H. Protective efficacy and immune responses by homologous prime-booster immunizations of a
novel inactivated Salmonella Gallinarum vaccine candidate. Clin. Exp. Vaccine Res. 2016, 5, 148. [CrossRef] [PubMed]

26. Matsuda, K.; Chaudhari, A.A.; Lee, J.H. Comparison of the safety and efficacy of a new live Salmonella Gallinarum vaccine
candidate, JOL916, with the SG9R vaccine in chickens. Avian Dis. 2011, 55, 407–412. [CrossRef] [PubMed]

27. Purchase, C.; Picard, J.; McDonald, R.; Bisschop, S. A comparison of the oral application and injection routes using the
Onderstepoort Biological Products Fowl Typhoid vaccine, its safety, efficacy and duration of protection in commercial laying
hens. J. S. Afr. Vet. Assoc. 2008, 79, 39–43. [CrossRef]

28. Ismail, N.; Olano, J.P.; Feng, H.M.; Walker, D.H. Current status of immune mechanisms of killing of intracellular microorganims.
FEMS Microbiol. Lett. 2002, 207, 111–120. [CrossRef]

29. Bhagavan, N.V. Immunology. In Essentials of Medical Biochemistry with Clinical Cases; Academic Press: Cambridge, MA, USA, 2011;
pp. 449–472. ISBN 0120954613.

30. Xu, H.; Timares, L.; Elmets, C.A. Host Defenses in Skin, 5th ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2019; Volume 2.

http://doi.org/10.1017/S0043933909000270
http://doi.org/10.1016/j.vetimm.2004.05.002
http://doi.org/10.51585/gjvr.2021.3.0014
http://doi.org/10.1586/erv.12.138
http://doi.org/10.1017/S1466252300000050
http://doi.org/10.1016/S0264-410X(99)00060-2
http://doi.org/10.1016/S0378-1135(96)01279-5
http://doi.org/10.1586/14760584.6.2.147
http://doi.org/10.1016/j.dci.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18579202
http://doi.org/10.3390/vaccines8040696
http://www.ncbi.nlm.nih.gov/pubmed/33228065
http://doi.org/10.1016/j.vetimm.2006.07.011
http://doi.org/10.1128/iai.61.9.3981-3984.1993
http://doi.org/10.1080/03079450601113167
http://doi.org/10.1128/IAI.06264-11
http://doi.org/10.1111/zph.12042
http://doi.org/10.1016/S0165-2427(02)00265-9
http://doi.org/10.2307/1589825
http://www.ncbi.nlm.nih.gov/pubmed/7271663
http://doi.org/10.7774/cevr.2016.5.2.148
http://www.ncbi.nlm.nih.gov/pubmed/27489805
http://doi.org/10.1637/9680-020611-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/22017038
http://doi.org/10.4102/jsava.v79i1.239
http://doi.org/10.1111/j.1574-6968.2002.tb11038.x

	Introduction 
	Materials and Methods 
	Animals 
	Bacterial Strains and Culture 
	Vaccination and Challenge Inoculation 
	Serological Assay 
	Preparation of Splenocytes 
	ELISpot Assay 
	Bacterial Strain Recovery 
	Statistical Analysis 

	Results 
	Humoral Immune Responses Induced by Vaccination 
	Cellular Immune Responses Induced by Vaccination 
	Re-Isolation of Salmonella Strains 

	Discussion 
	Conclusions 
	References

