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present study was to assess the immunogenicity and protectivity of subcutaneous administration of
Salmonella Dublin bacterin in a murine model.

Materials and Methods: Specific pathogen-free female BALB/c mice were tested for Salmonella-
free status, and housed in controlled conditions. A formalin-killed bacterin was prepared from a local
isolate of S. Dublin using a well-established protocol, ensuring bacterial inactivation and safety.
Groups 1 through 3 of mice were received, respectively, either phosphate buffered saline plus alum or
asingle dose of inactivated bacterins with and without alum adjuvant via subcutaneous route. Immune
responses were evaluated through microagglutination, enzyme-linked immunosorbent assay, delayed-
type hypersensitivity, interferon-gamma assays, and challenge with viable S. Dublin.

Results: Microagglutination and enzyme-linked immunosorbent assay tests revealed alum-adjuvanted
injection as the best method for stimulation of anti-S. Dublin antibodies production. The gamma
interferon production and delayed hypersensitivity tests, crucial for cellular immunity, were also most
elevated in mice injected with alum-adjuvanted S. Dublin bacterin. After the challenge with the live
bacteria, the isolation rate of S. Dublin was significantly different (P=0.03) among the different groups
but only mice injected with alum-adjuvanted showed a significant difference (P<0.05) compared to

the control group.
Keywords: : Conclusion: This study emphasizes the efficacy of alum as an adjuvant in inactivated S. Dublin
Salmonella Dublin, Alum, : vaccines. Insights gained from both humoral and cellular immune responses, provide valuable
Bacterin, Mouse ¢ knowledge for the development of S. Dublin vaccination strategies.

* Corresponding Author:
Masoud Ghorbanpoor, PhD.
Address: Department of Pathobiology, Faculty of Veterinary Medicine, Shahrekord University, Shahrekord, Iran.
E-mail: ghorbanpoor-m@sku.ac.ir
Copyright © 2024 The Author(s);

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-By-NC: https://creativecommons.org/licenses/by-nc/4.0/legalcode.en),
which permits use, distribution, and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.



http://immunoreg.shahed.ac.ir/
https://orcid.org/0000-0002-5049-4630
https://orcid.org/0000-0002-0301-4577
https://orcid.org/0000-0003-0139-1456
https://orcid.org/0000-0002-5923-5694
https://orcid.org/0000-0002-5522-105X
mailto:ghorbanpoor-m@sku.ac.ir
http://dx.doi.org/10.32598/Immunoregulation.7.5
http://immunoreg.shahed.ac.ir/journal/about
https://crossmark.crossref.org/dialog/?doi=10.32598/Immunoregulation.7.5
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en

2024. Vol 7

Introduction

almonella enterica serovar Dublin (S. Dub-

lin) poses a significant threat as an animal

pathogen, primarily affecting cattle and pre-

senting risks of transmission to other spe-

cies, including humans [1]. Renowned for
its high invasiveness and severe clinical manifestations,
S. Dublin can lead to substantial mortality rates in in-
fected animals [2]. Given the potential for the economic
impact on the livestock industry and zoonotic transmis-
sion, there is considerable interest in veterinary medicine
and public health in controlling and preventing S. Dub-
lin infections [2, 3]. Immunization strategies against S.
Dublin encompass both live attenuated and inactivated
vaccines, with mice serving as a reliable model organism
for assessing vaccine efficacy [4, 5]. A comprehensive
investigation into this matter, utilizing a murine model
infected with Salmonella Typhimurium, was conducted
by Cameron and Fuls in 1974, which their study revealed
that a highly effective immune response could be elicited
through a formalin-inactivated alum-precipitated vaccine
[6]. Live vaccines, including those derived from aviru-
lent rough mutants of S. Dublin, exhibit variable degrees
of protection in mice and calves [7]. The live vaccine
strain HB 1/17 has demonstrated substantial protection
in mice against S. Dublin and even displayed cross-pro-
tection against S. Typhimurium [8]. Inactivated vaccines,
confer lasting immunity, with durations extending up
to at least 12 weeks post-immunization; while the im-
munogenicity of these vaccines can decline over time,
administering multiple injections and using adjuvants
has been shown to ease this effect [9, 10]. The develop-
ment of effective vaccines against S. Dublin is crucial for
reducing the pathogen’s impact on animal populations
and minimizing the risk of zoonotic transmission. In this
context, the ongoing debate surrounding the comparative
efficacy of live versus inactivated vaccines has prompted
focused research efforts [5, 11]. Accordingly, this study
compares the immunogenicity and protectivity of sub-
cutaneous administration of locally prepared S. Dublin
bacterin in a murine model.

Materials and Methods
Bacterial strains and growth conditions

Three clinical samples (liver, spleen, and lung) from
4 cases of cows with signs of septicemia and sudden
death were subjected in September 2022 to the veteri-
nary bacteriology laboratory of Shahrekord University,
Shahrekord Province, Iran. In the laboratory, all these
samples underwent cultivation on various culture media,
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including blood agar medium, xylose lysine deoxycho-
late agar, and, MacConkey agar. The incubation temper-
ature for the cultivation process was maintained at 37 °C.
Differential diagnosis of isolated bacteria revealed the
same gram-negative Salmonella spp. from all specimens
of all 4 cases [12]. Polymerase chain reaction and sero-
typing of the isolate revealed it as S. Dublin [13].

Study animals

Male BALB/c mice, aged 6 weeks and certified as
specific pathogen-free (SPF), were prepared. A serology
(microagglutination) test was conducted to confirm the
Salmonella-free status of purchased mice. These mice
were individually accommodated in rearing isolators
and provided with Salmonella-negative commercial feed
and drinking water. The research activities accurately
adhered to the guidelines established by both the insti-
tutional Administrative Committee and the Ethics Com-
mittee for laboratory animals.

Preparation of experimental inactivated bacterin

The inactivation of S. Dublin was according to the
method of Hashizume-Takizawa and Germanier, with
some modifications [14, 15]. In a brief 200 mL sterile
nutrient broth was prepared and inoculated with above
mentioned S. Dublin local isolate, followed by incuba-
tion at 37 °C for 48 h. The bacterial population in the
suspension was harvested by centrifugation at 4000 g for
5 min and the supernatant was carefully discarded. The
bacterial pellet was suspended in phosphate-buffered sa-
line (PBS) in a falcon tube and treated with 0.5% formal-
dehyde, followed by incubation at room temperature for
48 h. After formaldehyde treatment, centrifugation was
repeated, and all residual formaldehyde was removed by
triple washing with PBS. To confirm bacterial inactiva-
tion, 10 uL of S. Dublin bacterin was cultured on nutrient
agar medium in triplicate and incubated at 37 °C for 48 h.
All experimental steps, including the inoculation, incu-
bation, and confirmation of bacterial inactivation, were
conducted under sterile conditions. McFarland turbid-
ity standards were used to standardize the approximate
number of S. Dublin bacterin in resulting suspensions
and stored at 4 °C for further use.

Determination of infectious dose of 50% (ID,) of
S. Dublin for mice

To assess the ID, of S. Dublin local isolates, 40 mice
were randomly divided into 8 equal groups and sub-
jected to various doses of the bacterium. Each mouse of
group 1 through group 7 received a subcutaneous injec-
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tion of 100 pL of various serial 10-fold dilutions (105,
107, .... and 10> CFU/mL) of S. Dublin fresh culture, and
the controls (group 8) received PBS via the subcutane-
ous route. All subcutaneous injections were performed
on loose skin on the neck. Two days after the disease in-
duction, the mice were euthanized and their spleens were
streaked on XLD and blood agar media for isolation of S.
Dublin by quadrant technique. The ID,; was calculated
using the method of Reed and Muench [16].

Immunization of mice

A total of 45 mice were randomly classified into 3
equal groups. The experimental groups were as follows:

Group 1 (control group): Group 1, consisting of mice
received 0.5 mL of PBS containing 10% alum via a sub-
cutaneous route. Its purpose was to provide a reference
point for evaluating the effects of interventions in the
other groups.

Group 2 (formalin-inactivated bacterin group): Mice in
group 2 were immunized with 0.6x10® bacterial cells of
formalin-inactivated S. Dublin in 0.5 mL of PBS via a
subcutaneous injection. The aim was to assess the effica-
cy of this inactivated bacterin in stimulating an immune
response against S. Dublin and to observe its impact on
virulence.

Group 3 (alum-adjuvanted formalin killed bacterin
group): Group 4 received subcutaneous immunization
with 0.6x10® bacterial cells of formalin-inactivated S.
Dublin in 0.5 mL of PBS containing 10% alum as an
adjuvant.

Evaluation of immune response: Microagglutina-
tion test (MAT)

The MAT was carried out as described elsewhere [17].
Briefly, the serum samples were meticulously collected
from 5 immunized mice of each group at day 21 post-
immunization through cardiac puncture under anesthe-
sia. Following blood clotting at room temperature and
subsequent centrifugation, the serum was carefully sepa-
rated and stored at -20 °C. Tenfold dilutions of the col-
lected serum were prepared using sterile PBS. The bac-
terial suspension of inactivated S. Dublin was adjusted
to a 0.5 McFarland standard and an equal volume of it
was added to duplicate serially diluted serum specimens
in 96-well u-bottom microtiter plates. The plates were
then incubated at 37 °C for 24 h. Following incubation,
agglutination patterns were scrutinized by the naked eye,
and the highest dilution at which agglutination occurred
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was meticulously recorded for each serum sample. Ti-
ters were determined according to standard criteria as the
highest serum dilutions that agglutinated at least 50% of
the cells for each group used.

Enzyme-linked immunosorbent assay test

On the above-mentioned days post-immunization, a
critical assessment of the humoral immune response was
conducted through the quantification of specific immu-
noglobulin G titers. This analysis was performed utiliz-
ing an in-house indirect enzyme-linked immunosorbent
assay (ELISA) [17]. In summary, the optimum concen-
tration of sonicated S. Dublin antigen (0.5 pg/mL) in
carbonate-bicarbonate buffer was coated in an ELISA
plate (Nunc, Denmark) and the plate was incubated at 4
°C overnight and after 3 washes with PBS, blocking was
done with 5% skimmed milk (HiMedia, India) for 2 h at
room temperature. Optimum dilution of serum samples
(1:200) was added to duplicate wells after washing and
the plate was incubated at room temperature for 1 h. Af-
ter 3 washes as above, the secondary antibody, horse-
radish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulin G (Sigma-Aldrich, USA) was used at a
dilution of 1:10,000. Finally, the plate was washed again
and TMB/H,O, chromogen/substrate (Rahazistpadtan,
Iran) was added to each well. After 15 min the reaction
was stopped by the addition of H,S0, one molar and the
optical density at 450 nm (OD450) was measured using
an ELISA reader (Bio-Rad 680, USA).

Assessment of delayed-type hypersensitivity

On day 28 after the immunization, 1x10°killed S. Dub-
lin in a volume of 0.1 mL were injected subcutaneously
into the left foot pad of 3 mice from each group. The
same volume of PBS was injected into the sole of each
mouse’s right foot as a negative control. After 48 h, the
thickness of the foot pad was checked by a digital caliper
(Mitutoyo, Japan) and these mice were excluded from
the experiment. The difference between left and right
foot pad thickness was considered as the delayed-type
hypersensitivity (DTH) response to injected bacterin
[18].

Study challenges

Four of the mice of each group were challenged with
1.5x107 CFU (3 ID,)) of S. Dublin, 8 weeks after im-
munization. Two days after the challenge, the mice were
euthanized and their spleens were cultured for isolation
of S. Dublin.
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Gamma interferon test

On day 28 post-immunization, blood was collected
from 3 mice of each group for the performance of the
gamma interferon test. Peripheral blood cells were col-
lected from anesthetized mice via cardiac puncture into
EDTA-coated tubes. Following the isolation of periph-
eral blood mononuclear cells through density gradient
centrifugation, these cells were plated at 2x10° cells/well
in RPMI-1640 medium (Bioldea, Iran), which consists
of 10% FBS (Bioldea, Iran). The cells were subjected
to heat-inactivated S. Dublin (108 CFU/0.1 mL per well)
and incubated at 37 °C in 5% CO, for 48 h. After incuba-
tion, supernatant from cell cultures was collected, and
IFN-y concentrations were measured using the Mouse
IFN-y ELISA kit (Becton Dickinson, USA). Duplicate
measurements were performed for more accuracy.

Statistical analysis

The data were presented as Meant=SEM. Statistical
analysis was conducted using GraphPad Prism software,
version 5 (GraphPad Software Inc., CA, USA), using
a one-way analysis of variance with Tukey’s multiple
comparison test. Meanwhile, P<0.05 was considered
statistically significant.
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Results
Inefctious dose 50% of S. Dublin for mice

None of the mice in the control group or in groups 1
to 5, which received 10! to 10° CFU of S. Dublin, were
infected with the bacterium. In contrast, in groups 6 to 8,
which received 10° to 108 CFU, S. Dublin was isolated
from the spleens of 1, 4, and 5 mice, respectively. Using
the method of Reed and Muench, IDso of S. Dublin for
mice was determined to be 0.5%107 CFU.

Humoral immune response to S. Dublin

The antibody responses to S. Dublin bacterin in the
sera of immunized mice are presented in Figure 1. Ac-
cording to the MAT, at day 21 post-immunization, the
Mean+SEM of serum anti-S. Dublin antibody titers of
groups group 1 through group 3 were 16+4, 188+8, and
604+32. Based on the ELISAresults (OD), at day 21 post-
immunization, the Mean+SEM of serum anti-S. Dublin
immunoglobulin G of groups group 1 through group
3 were 0.115£0.014, 0.451+0.024 and 1.429+0.048.
In both tests serum anti-S. Dublin antibody titers were
significantly (P<0.05) increased in both groups receiv-
ing antigen, with the group receiving alum-adjuvanted
antigen through injection showing the highest increase.
Statistical analysis by one-way analysis of variance re-
vealed a very significant difference (P=0.0001) among
different groups in terms of serum anti-S. Dublin anti-
body titers.

hivunoREGULATION

Figure 1. Serum anti-Salmonella Dublin immunoglobulin G (Mean#SE) of mice received either phosphate buffered saline plus
alum (group 1), S. Dublin bacterin (group 2), or S. Dublin bacterin plus alum (group 3) via subcutaneous route

Notes: Different letters on bars indicate significant differences (P<0.05) between groups.
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Figure 2. The DTH response (thickness of food pad skin after intradermal injection of S. Dublin bacterin) of mice groups group
1 through group 3 which primed either phosphate buffered saline plus alum (group 1), S. Dublin bacterin (group 2), or S. Dub-

lin bacterin plus alum (group 3) via subcutaneous route

Notes: Different letters on bars indicate significant differences (P<0.05) between groups.

DTH result

According to the DTH test, at day 28 post-immu-
nization, the Mean+SEM of the thickness of the foot
pad of groups group 1 through group 4 of mice were
0.03+0.004 mm, 0.24+0.007 mm, and 0.89+0.007 mm.
Figure 2 illustrates that groups receiving the antigen with
or without adjuvants exhibit an augmented foot sole
thickness (P<0.05) compared to the control group when
exposed to S. Dublin bacterin. The group group 3 which
received bacterin with alum adjuvant compared to the
other groups displays the highest increase (P=0.0001) in
sole thickness.

Gamma interferon test result

The Mean+=SEM of IFN-y production after stimulation
of isolated peripheral blood cells with S. Dublin bacterin
at day 28 post-immunization in groups group 1 through
group 3 of mice were 0.358+0.011, 0.673+0.014 and
0.728+0.021 pg/mL (Figure 3). Statistical analysis by
one-way analysis of variance showed a very significant
difference (P=0.0001) among different groups in terms
of IFN-y production after stimulation by S. Dublin bac-
terin. As depicted in Figure 4, the highest IFN-y produc-
tion (P=0.0001) compared to the control group was evi-
dent in the group group 3 which received bacterin plus
alum adjuvant.

IviviuNoREGULATION

Figure 3. The cell-mediated immune response (production of gamma interferon after stimulation with S. Dublin bacterin) of
mice group 1 through group 3 which primed either phosphate buffered saline plus alum (group 1), S. Dublin bacterin (group
2), or S. Dublin bacterin plus alum (group 3) via subcutaneous route

Notes: Different letters on bars indicate significant differences (P<0.05) between groups.
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Figure 4. The spleens of two mice from the control group (A) and Salmonella Dublin bacterin plus alum injected group (B) 2

days post-challenge

The challenge with live S. Dublin

S. Dublin was isolated from the spleen of all 4 mice of
the control group (Figure 4). It isolated from 2 and none
of the spleens of group 2 through group 3 of test groups,
respectively. The S. Dublin isolation rates were signifi-
cantly different (P=0.03) among different groups but
only group 3 showed a significant difference (P<0.05)
compared to the control group (group 1).

Discussion

The present study investigated the immunogenicity
and protectivity of different S. Dublin bacterin in mice,
focusing on antibody titers, delayed-type hypersensitiv-
ity, gamma interferon production, and the challenge with
live S. Dublin. The findings offer valuable insights into
the effectiveness of different vaccination approaches and
provide a basis for comparison with other studies in the
field.

The ELISA and microagglutination results revealed
distinct patterns in antibody responses among the ex-
perimental groups. Mice receiving S. Dublin bacterin
through injection with alum adjuvant exhibited signifi-
cantly higher anti-S. Dublin antibody levels compared to
those receiving bacterin alone. This suggests that alum
adjuvant, particularly when administered through injec-
tion, enhances the humoral immune response, resulting
in elevated antibody production. The enhanced antibody
production observed in the alum-adjuvanted groups is
consistent with the known immunostimulatory effects of
alum, which is a widely used adjuvant in vaccine for-
mulations [9, 19]. Alum has been shown to promote the

activation of antigen-presenting cells, leading to an in-
creased immune response [19, 20]. The results indicate
that the combination of Salmonella and alum adjuvant,
particularly through injection, synergistically amplifies
the production of S. Dublin specific antibodies. Consis-
tent with our results, several studies have reported alum’s
potent ability to boost antibody responses [21, 22]. In a
study by Buonsanti et al. (2016), alum-adjuvanted vac-
cines elicited higher antibody titers compared to non-ad-
juvanted formulations [22]. This aligns with our findings
where mice receiving S. Dublin bacterin through injec-
tion with alum exhibited significantly elevated Salmo-
nella-specific antibody levels. In a study conducted by
O’Hagan et al. (2021), alum-adjuvanted influenza vac-
cines demonstrated a marked increase in antibody titers
compared to non-adjuvanted formulations [23]. Moni et
al. (2023), investigated the impact of alum adjuvant on
hepatitis B vaccines. Their findings revealed a substan-
tial elevation in specific antibody titers in individuals
who received the alum-adjuvanted hepatitis B vaccine
compared to those who received the non-adjuvanted
version [9]. Krauss et al. (2022), conducted a clinical
trial assessing the efficacy of an alum-adjuvanted human
papillomavirus (HPV) vaccine. The results demonstrat-
ed a significant increase in HPV-specific antibody lev-
els in the group receiving the alum-adjuvanted vaccine
compared to the control group [24]. The results of these
studies align with our study and exemplify alum’s con-
sistent adjuvant effect in promoting antibody responses
across different pathogens.

The DTH results further emphasized the impact of
adjuvants on the cellular immune response. The foot
sole skin thickness significantly increased in mice in-
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jected with S. Dublin bacterin along with alum adju-
vant, in contrast to groups receiving bacterin alone. This
indicates that alum, as an adjuvant, not only enhances
humoral immunity but also contributes to a robust cell-
mediated immune response. This aligns with the work
of Mutiso et al. (2010), where alum-adjuvanted vaccines
induced a robust cell-mediated response, character-
ized by increased skin thickness in a DTH assay [25].
Similarly, our findings show that mice injected with S.
Dublin bacterin along with alum exhibited a significant
increase in foot sole skin thickness, indicating enhanced
cellular immune reactions. In a study led by Ebensen
et al. (2019), alum-adjuvanted tetanus toxoid vaccines
were investigated for their impact on cellular immune
responses. Their findings demonstrated a significant in-
crease in footpad swelling in mice receiving the alum-
adjuvanted vaccine compared to the control group in
DTH experiments [26]. Osuala et al. (2009), conducted
a study evaluating the impact of an alum-adjuvanted tu-
berculosis (TB) vaccine on cellular immunity. The DTH
results showed an enhanced skin induration in individu-
als who received the alum-adjuvanted TB vaccine com-
pared to the non-adjuvanted group [27]. These studies
highlight alum’s ability to promote a heightened cell-
mediated immune response, as evidenced by increased
thickness in response to antigen exposure, in line with
our study.

The present research showed that immunization of
mice with injectable S. Dublin bacterin with or without
adjuvant has an increasing effect on IFN-y production
by peripheral blood lymphocytes following stimula-
tion with S. Dublin antigen. This cytokine is produced
by innate (NK) and specific (Th,) immune cells and
strengthens both cellular and humoral immune systems
[28]. Among the disadvantages of the alum adjuvant is
its incapability to provoke Th, cell responses that are an
essential part of cell-mediated immune response to com-
bat most obligative and facultative intracellular patho-
gens [29], which the present study also confirms this
because no significant difference was observed between
the groups receiving bacterin with or without alum. In
several studies [30-32], an increase in interferon-gamma
following vaccination with inactivated salmonella spp.
has been observed, which is a confirmation of the results
of the present research.

Conclusion

The administration of formalin killed S. Dublin and
alum as an adjuvant can stimulate both cellular and hu-
moral immunity in BALB/c mice. The distinct patterns
observed in antibody titers, DTH responses, and IFN-y
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production provide a comprehensive understanding of
the multifaceted effects of alum on the immune system.

This study lays the groundwork for future research in
optimizing vaccination strategies against Salmonella
spp. and other pathogens. Further work is planned to as-
sess alternative routes of administration and the effect
of dose.
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