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ABSTRACT

Streptococcus suis (S. suis) is an important zoonotic bacterium that causes severe infections in both pigs and humans,
underscoring the urgent need for effective vaccines. This study evaluated the immunogenicity and protective efficacy
of an inactivated vaccine derived from a local S. suis strain in BALB/c mice, using different inactivation methods and
adjuvant formulations. Mice were randomly assigned to four groups: P1 (control; Montanide ISA 201 VG without
antigen), P2 (ultrasonication—heat-inactivated vaccine with Montanide ISA 201 VG), P3 (ultrasonication—heat-
inactivated vaccine with Montanide Gel 01), and P4 (ultrasonication—formaldehyde-inactivated vaccine with Montanide
ISA 201 VG). Animals (n=6/group) were immunized at week 1 and received a booster at week 4. Antibody responses
were monitored weekly for seven weeks using indirect ELISA, followed by challenge with 1x10% CFU of virulent S.
suis at week 7. Clinical signs, gross lesions, and histopathology of major organs were assessed. All vaccinated groups
developed significantly higher antibody titers compared with controls (P<0.05). The highest ELISA optical density
(OD) values were observed in P2 (0.194+0.090) and P3 (0.192+0.113), with no significant difference between them,
but both were significantly higher than P4 (0.178+0.132). Antibody levels increased markedly from week 2, peaking
after booster immunization. Following the challenge, vaccinated mice exhibited milder histopathological lesions relative
to controls, indicating partial protection.

Keywords: Challenge test, Heat inactivation, Humoral immune response, Inactivated vaccine, Montanide adjuvant,
Streptococcus suis.

INTRODUCTION

Streptococcus suis (S. suis) is an emerging zoonotic
pathogen causing severe infections, including meningitis,
septicemia, and arthritis in humans, as well as septicemia,
pneumonia, and sudden death in pigs (Benea et al. 2025).
Over 1,600 human cases have been reported across 30
countries, with the highest incidence in regions of intensive
pig farming (Gajdacs et al. 2020). In Indonesia, although
reported human cases remain relatively low, S. suis
continues to pose a significant public health risk. In Bali,

the bacterium was detected in 44 of 77 confirmed cases of
acute bacterial meningitis between 2014 and 2017
(Susilawathi et al. 2019). Consumption of raw or
undercooked pork, such as the traditional dish Lawar Plek,
and occupational exposure among pig farmers, butchers,
and abattoir workers are recognized as major transmission
routes (Besung et al. 2019; Tarini et al. 2022). These
findings underscore the persistent threat of S. suis at the
human—animal interface and highlight the need for
improved surveillance, food safety, and preventive
strategies, including vaccination (Kerdsin et al. 2022).
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In pigs, S. suis is considered endemic and represents a
major cause of morbidity and mortality, particularly in
piglets aged 4-12 weeks (Segura 2020). Clinical signs
range from fever and arthritis to neurological disorders and
sudden death, resulting in substantial economic losses in
the swine industry (Besung et al. 2019; Obradovic et al.
2021a). Control efforts are complicated by the pathogen’s
high genetic diversity and serotype variability, which limit
cross-protection and hinder the development of broadly
effective vaccines (Fang and Ning 2025). Furthermore, the
increasing prevalence of antimicrobial resistance among S.
suis isolates exacerbates disease management challenges,
making vaccination the most sustainable and practical
approach for improving swine health and reducing
zoonotic transmission risks (Yan et al. 2024).

Recent developments highlight the need for a S. suis
vaccine, including the emergence of hypervirulent strains
(Liu et al. 2025; Wahied and Jakee 2025) and the influence
of modern swine production systems that facilitate rapid
pathogen transmission (Lv et al. 2025). Underdiagnosis
remains common due to limited laboratory capacity and
frequent misidentification with other streptococci (Zhang
et al. 2020).

Several vaccine strategies have been explored,
including live-attenuated, subunit, DNA-based, and
inactivated formulations. Among these, whole-cell antigen
(WCA) vaccines are promising because they present
diverse epitopes capable of inducing both humoral and
cellular immune responses (Osterloh 2022). However, their
efficacy depends heavily on the inactivation method and
adjuvant formulation. Heat and ultrasonication treatments
generally preserve antigenic integrity better than
formaldehyde, which may alter critical epitopes (Wilton et
al. 2014; Saylor et al. 2020). Likewise, Montanide-based
adjuvants, such as ISA 201 VG and Gel 01, enhance
immune responses through distinct mechanisms,
modulating antigen presentation and T-cell polarization
(Obradovic et al. 2021a; Facciola et al. 2022; Zhao et al.
2023). Despite these advances, limited data exist on how
different inactivation techniques interact with Montanide
adjuvants to shape vaccine efficacy.

To address this gap, the present study evaluated the
immunogenicity and protective efficacy of vaccines derived
from a local S. suis isolate, inactivated using distinct
methods and formulated with either Montanide ISA 201 VG
or Gel 01. Using a BALB/c mouse model, we assessed
antibody responses, histopathological changes, and clinical
outcomes following challenge to identify promising vaccine
candidates for future application in swine populations.

MATERIALS AND METHODS

Ethical approval

All experimental procedures were conducted in
accordance with the guidelines of the Research Ethics
Committee, Faculty of Veterinary Medicine, Udayana
University, Denpasar, Indonesia (Approval No.
B/178/UN14.2.9/PT.01.04/2024).

Animals and experimental design

Twenty-four female BALB/c mice (8 weeks old, 20—
30g) were randomly allocated into four groups
(n=6/group). Mice were acclimatized for seven days prior
to experimentation. The treatment groups were as follows:
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P1 (control, Montanide ISA 201 VG adjuvant only), P2
(ultrasonication-heat inactivated vaccine + Montanide ISA
201 VG), P3 (ultrasonication-heat inactivated vaccine +
Montanide Gel 01), and P4 (ultrasonication-formaldehyde
inactivated vaccine + Montanide ISA 201 VG). Vaccinations
were administered subcutaneously at week 1 and boosted
at week 4, with a final concentration of 1x102CFU/mL per
dose (0.4mL/mouse). Serum was collected weekly from
week 1 to week 7 for antibody analysis.

Vaccine preparation

A local S. suis previously well characterized isolate
(Besung et al. 2019; Susilawathi et al. 2019) was obtained
from the Biomedical Laboratory, Faculty of Veterinary
Medicine, Udayana University, was propagated in tryptone
soy broth (Difco™, USA) until the exponential growth
phase. For inactivation, suspensions designated for groups
P2 and P3 were subjected to ultrasonication (70%
amplitude, 20kHz, 30 minutes) followed by heat treatment
at 80°C for 2h, whereas group P4 was treated with
ultrasonication (Newton, CT, USA) followed by 0.2%
formaldehyde incubation at room temperature for 24h.
Complete inactivation was verified by the absence of
bacterial growth on Mueller-Hinton agar (Difco™, USA)
(Besung et al. 2019). The inactivated preparations were
adjusted to a final concentration of 1x102CFU/mL, after
which antigens were emulsified either with Montanide ISA
201 VG (50:50 v/v; Fairfield, NJ, USA) for groups P2 and
P4, or with Montanide Gel 01 (7.5% Gel, 42.5% saline,
50% antigen) for group P3

Sample collection and ELISA

Blood samples (1mL) were obtained weekly via facial
vein puncture (Enos and Moore 2022). Serum was separated
by centrifugation (5000rpm, 10 minutes) and stored at 4°C.
Antibody titers were determined using an indirect enzyme-
linked immunosorbent assay (ELISA) following the
procedure described by (Obradovic et al. 2021a). The
antigen was prepared by diluting a precipitated S. suis
suspension (1:10 in distilled water), followed by a further
dilution of 1:250 in coating buffer. Microplates were coated
with 50uL of the antigen solution and incubated overnight
at 4°C. After washing with PBS-Tween 20, wells were
blocked with 100puL of 10% skim milk for 1h at room
temperature. Serum samples, diluted 1:100, were added
(1pL/well) and incubated for 1h. After additional washing,
50uL of goat anti-mouse IgG (H+L) conjugated with
alkaline phosphatase (1:1000; Sigma-Aldrich, USA) was
added and incubated for 1h. The wells were then rewashed
and developed with 50uL of p-nitrophenyl phosphate
(pNPP) substrate (Sigma-Aldrich, USA) for 15 minutes at
room temperature. Optical density was recorded at 405nm
using a microplate reader (Bio-Rad, USA).

Challenge test

At week 7, mice were challenged intraperitoneally
with 1X108CFU of virulent S. suis. Clinical signs and
survival were monitored for 14 days. At termination,
animals were euthanized, and major organs (brain, lungs,
spleen, liver, heart, kidneys, middle ear) were collected for
gross pathology and histopathology. Tissues were fixed in
10% formalin, processed, and stained with hematoxylin
and eosin (H&E) (Koivukoski et al. 2023).



Statistical Analysis

Body weight and clinical parameters were analyzed
descriptively. Antibody titers were analyzed using
Generalized Linear Model (GLM) Repeated Measures
ANOVA, followed by Tukey’s post hoc test. Mauchly’s
test of sphericity and within-subject effects were applied
when necessary (Wahied and Jakee 2025). Analyses were
performed using SPSS v26 (IBM), with P<0.05 considered
significant. Graphs were prepared in GraphPad Prism V8.

RESULTS

The overall health status of the mice was assessed by
monitoring local reactions at the injection site, clinical
signs, and changes in body weight. Mild, transient redness
at the injection site was observed in groups receiving
Montanide™ ISA 201 VG (P1, P2, and P4) following the
first vaccination; these reactions resolved spontaneously
within a few hours. In contrast, three mice in the
Montanide™ Gel 01 group (P3) developed localized
swelling and mild necrosis at the injection site two weeks
after the booster dose. These lesions subsided within two
weeks without intervention.
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Throughout the seven-week observation period, all
groups maintained normal coat condition, behavior, and
food intake, with no systemic adverse effects recorded.
Body weight increased progressively across all groups as
presented in Fig. 1, and two-way ANOVA indicated no
significant effect of treatment on weight gain (P>0.05),
suggesting that vaccination did not negatively impact
growth performance.

Serum antibody responses were evaluated using
indirect ELISA. Mean optical density (OD) of mouse serum
in ELISA using sediment of S. suis extract as coating
antigen of all treatment groups in seven weeks observation
is presented in Table 1 and Fig. 2. The adjuvant-only control
group (P1) displayed the lowest mean optical density (OD)
values, whereas vaccinated groups demonstrated
significantly higher titers (P<0.001). Among vaccinated
groups, P2 (ultrasonication—heat-inactivated vaccine with
Montanide™ ISA 201 VG) and P3 (ultrasonication—heat-
inactivated vaccine with Montanide™ Gel 01) induced the
highest antibody responses, which were statistically
comparable (P=0.939). Both P2 and P3 elicited significantly
higher titers than P4 (formaldehyde-inactivated vaccine
with Montanide™ ISA 201 VG) (P<0.05).

Table 1: Mean Optical Density (OD)/Standard Deviation (SD) of mice serum in ELISA using sediment of S. suis extract as coating

antigen of all treatment groups in seven weeks observation (W)

Wi w2 w3 W4

W5 W6 W7 Average

P1 0.029/0.003% 0.03/0.003%%  0.036/0.003¢
P2 0.093/0.055%* 0.133/0.0414> 0.145/0.0328¢
P3 0.046/0.0294% 0.104/0.0335>  0.142/0.0315¢
P4 0.094/0.0614%  0.102/0.0424°  0.133/0.0874°

0.056/0.010 A2
0.166/0.020¢¢
0.182/0.0528¢
0.136/0.1014°

0.066/0.008%%  0.079/0.0114%  0.132/0.0424*  0.061/0.006°

0.224/0.055°  0.258/0.065°>  0.339/0.047°° 0.194/0.011¢
0.248/0.037°®  0.262/0.058*  0.358/0.119®  0.192/0.020°
0.181/0.066%°  0.238/0.067%° 0.361/0.220%> 0.178/0.037°

Note: Group P1 (vaccinated with adjuvant Montanide ISA 201 VG only), P2 (ultrasonication-heat inactivated vaccine with Montanide
ISA 201 VG), P3 (ultrasonication-heat inactivated vaccine with Montanide Gel 01), and P4 (ultrasonication-formaldehyde inactivated

vaccine with Montanide ISA 201 VG). Different superscript letters indicate statistical significance (P<0.05). Capital letters

A,B,C,and D

mean statistical differences among weeks within the same treatment; Lower case letters & ¢ add mean statistical differences between

treatments (P1, P2, P3, P4) within the same week.
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Fig. 1: Average body weight of

P1 (Control + Montanide ISA
201VGonly)

P2 (Heat-inactivated +
Montanide ISA201 VG)
P3 (Heat-inactivated +
Montanide Gel 01)

P3 (Formaldehyde-inactivated +
Montanide ISA 201 VG)

—o— P1 (Control + Montanide ISA
201 VGonly)

—#- P2 (Heat-inactivated +
Montanide ISA 201 VG)
4~ P3 (Heat-inactivated +
Montanide Gel 01)

P3 (Formaldehyde-
inactivated + Montanide ISA
201VG)
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mice (g) from week 1 to week 7.
Data are shown as mean + SD (n
= 6 per group). Error bars
represent the standard deviation
(SD) of the mean.

Fig. 2: Weekly antibody titers
(OD values) from week 1 to week
7 in female BALB/c mice. Data
are shown as mean = SD (n = 6
per group). Error bars represent
the standard deviation (SD) of the
mean.



Longitudinal analysis revealed a marked increase in
antibody titers from week 2 onwards, with a pronounced
rise following the booster immunization. Generalized
Linear Model (GLM) Repeated Measures ANOVA
confirmed significant effects of both treatment and time
(P<0.05), as well as a significant interaction between the
two (P<0.05). Bonferroni-adjusted pairwise comparisons
showed no significant differences in titers between weeks
1 and 3 (P>0.05), whereas titers from weeks 4 to 7 were
significantly higher than those in earlier weeks (P<0.05).
No significant differences were detected among weeks 5,
6, and 7 (P>0.05), indicating that antibody responses
plateaued after the booster dose.

After challenge with virulent S. suis, no mortality or
overt clinical signs were observed in either vaccinated or
control groups during the 14-day monitoring period.
However, bacterial culture revealed widespread S. suis
colonization in multiple organs of control mice (P1),

whereas colonization was substantially reduced in
vaccinated groups.
Representative ~ histopathological ~ changes in

challenged mice (H&E, 400X) are indicated in Fig. 3. The
number of animals showing inflammation/lesion in various
organs and the number of examined animals from each
treatment group are presented in Table 2. Histopathological
examination demonstrated severe lesions in control mice,
including  meningoencephalitis,  bronchopneumonia,
myocarditis, interstitial nephritis, and otitis media. In
contrast, vaccinated mice exhibited markedly milder tissue
damage. P2 (heat-inactivated vaccine + Montanide™ ISA
201 VG) showed only mild meningeal and pulmonary
inflammation, with no cardiac or ear lesions. P3
(ultrasonication-inactivated vaccine + Montanide™ Gel
01) presented mild meningitis, pneumonia, and occasional
myocarditis or otitis media. P4 (formaldehyde-inactivated
vaccine + Montanide™ ISA 201 VG) exhibited moderate
meningitis and pneumonia, with sporadic myocarditis but
no kidney or ear involvement.

B
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Table 2: Number of animals showing inflammation/lesion in
various organs and the numbers of examined animals from each
treatment group

Organ P1 (A/B) P2(A/B) P3(A/B) P4(A/B)
Brain 172 12 172 1/2
Middle Ear  2/2 12 2/2 0/2
Lung 2/2 12 2/2 2/2
Liver 2/2 2/2 2/2 2/2
Heart 2/2 2/2 12 12
Spleen 2/2 2/2 2/2 2/2
Kidney 2/2 2/2 2/2 2/2

Note: A represents the number of animals showing lesions in each
organ; B represents the number of total animals necropsied from
each treatment group; P1-P4 as in Table 1.

These findings indicate that vaccination reduced
bacterial colonization and attenuated tissue pathology, with
ultrasonication—heat-inactivated formulations (P2 and P3)
providing superior protection compared to formaldehyde-
inactivated vaccines (P4).

DISCUSSION

S. suis is a major zoonotic pathogen with significant
implications for both swine health and public health
worldwide (Segura et al. 2017). Vaccination remains one
of the most effective preventive strategies; however, the
success of inactivated vaccines is largely dependent on two
key factors: the method of antigen inactivation and the
choice of adjuvant formulation (Kozak and Hu 2023).
Optimizing both is therefore critical for generating robust
and durable protective immunity.

In this study, vaccine safety was evaluated by
monitoring injection site reactions and body weight
changes. Mice receiving Montanide™ ISA 201 VG
exhibited only mild, transient redness that resolved
spontaneously, while those vaccinated with Montanide™
Gel 01 showed localized swelling and mild necrosis at the
injection site. Such adverse reactions are consistent with
local inflammatory responses triggered by vaccine

Fig. 3: Representative histopathological changes in challenged mice (H&E, 400%). In row A (lung tissue), P1 shows bronchitis, P2
demonstrates bronchopneumonia, P3 reveals interstitial pneumonia, and P4 shows more severe bronchopneumonia. In row B (middle
ear tissue), P1 exhibits mild otitis media with limited inflammatory cells along the mucosal lining, P2 demonstrates otitis media, P3
shows more severe otitis media with inflammatory accumulation, and P4 reveals otitis media with thickened mucosa.
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adjuvants and antigen deposition (Marshall et al. 2018).
Importantly, these local effects did not translate into
systemic toxicity, as evidenced by the absence of abnormal
behavior, reduced feed intake, or significant differences in
body weight across groups (P>0.05). This finding aligns
with previous studies showing that severe systemic
inflammation typically correlates with growth retardation
and altered energy metabolism (Momose et al. 2010; Liang
and Lor¢ 2016).

Serological analysis demonstrated that all vaccinated
groups developed significantly higher antibody titers than
the adjuvant-only control, indicating successful induction
of antigen-specific humoral immunity. This response
reflects the uptake and processing of antigens by antigen-
presenting cells (APCs), activation of CD4* T-helper cells,
and subsequent differentiation of B cells into antibody-
secreting plasma cells producing S. suis-specific 1gG
(McKee et al. 2010; Pollard and Bijker 2020).

Among the formulations tested, ultrasonication—heat-
inactivated vaccines combined with Montanide™ ISA
201 VG (P2) or Montanide™ Gel 01 (P3) elicited the
highest antibody titers, with no significant difference
between them, suggesting comparable adjuvant efficacy.
Both induced significantly stronger responses than the
formaldehyde-inactivated vaccine (P4). These results are
consistent with previous studies showing that
formaldehyde inactivation may cause protein cross-
linking and epitope modification, thereby diminishing
immunogenicity (Wilton et al. 2014; Westcott et al.
2023). In contrast, heat-based inactivation—particularly
when combined with ultrasonication—appears to better
preserve conformational epitopes critical for B-cell
recognition, explaining the enhanced antibody responses
observed in P2 and P3.

The findings of the present study are consistent with
the recent report that has evaluated the effect of the
inactivation method on vaccine efficacy. Another study by
(Sharmin et al. 2024) demonstrated that the heat-
inactivated WCA vaccine effectively protected mice
against highly resistant Acinetobacter baumannii and
induced a significant increase in IgG antibody titers. These
parallel findings further validate the enhanced
immunogenicity observed in the P2 and P3 formulation of
the current study.

The adjuvants used in this study, oil-based
Montanide™ ISA 201 VG and polymer-based
Montanide™ Gel 01, both significantly enhanced
humoral responses compared with controls, confirming
their immunostimulatory capacity in pigs (Kaler et al.
2025). Although these adjuvants act through distinct
immunological mechanisms, they produced comparable
antibody titers. ISA 201 VG has been reported to be
biased toward Th1/Th17 responses, which favor cell-
mediated immunity, while Gel 01 tends to promote a
Th2-skewed response, enhancing antibody production
(Zhao et al. 2023). Despite these mechanistic
differences, both adjuvants effectively supported the
generation of strong S. suis-specific 1gG responses,
demonstrating their suitability for use in WCA vaccine
formulations.

Comparable results have also been observed in studies
exploring Montanide-based adjuvants in bacterial vaccines.
The adjuvant Montanide 201 VG has been reported to boost
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humoral and cellular immunity in an inactivated S. suis
vaccine and protective capacity of the vaccine against a
challenge (Obradovic et al. 2021b). Likewise, Montanide
Gel 01 has been shown to enhance antibody production and
promote long-term protective immunity in multiple swine
pathogens, including Haemophilus parasuis  and
Pseudorabies (Li et al. 2020; Hua et al. 2022). These
findings align closely with our results, where both
adjuvants produced strong antigen-specific responses and
mild local reactions, supporting their suitability for WCA
vaccine formulation targeting S. suis.

Longitudinal analysis revealed that antibody titers
began rising significantly after week 2 and peaked
following booster immunization at week 5, after which they
plateaued between weeks 5 and 7. This pattern reflects the
induction of memory B-cell responses and the transition
from a primary to a secondary immune response,
characterized by clonal expansion, affinity maturation, and
stabilization of antibody production (Marzi et al. 2023;
Syeda et al. 2024). These findings emphasize the
importance of booster doses in sustaining protective
antibody levels, particularly for vaccines based on
inactivated whole-cell antigens.

Despite robust antibody responses, challenge
experiments demonstrated only partial protection. No
mortality or overt clinical signs were observed in any
group; however, histopathological evaluation revealed
persistent lesions in vaccinated mice, albeit markedly
milder than those in controls. These results indicate that
humoral immunity alone may be insufficient to achieve full
protection against S. suis. Similar findings have been
reported in previous studies, where rapid disease
progression and septicemia limited the protective
contribution of antibodies alone (Besung et al. 2019).

For improved vaccine efficacy, future strategies
should focus on incorporating conserved protective
antigens capable of inducing stronger T-cell-mediated
immunity, optimizing adjuvant systems to enhance
balanced Th1/Th2/Th17 responses, and promoting
durable immunological memory (Schijns et al. 2021). In
addition, evaluating vaccine performance directly in
swine—the natural host—will be essential to validate
translational relevance and confirm protective efficacy
under field conditions.

Conclusion

Vaccination with heat-inactivated Streptococcus suis
formulated with either Montanide™ ISA 201 VG (P2) or
Montanide™ Gel 01 (P3) elicited the highest antibody
titers, significantly exceeding those induced by the
formaldehyde-inactivated vaccine (P4) and the adjuvant-
only control (P1), with no significant difference between
P2 and P3. Booster immunization further enhanced
antibody responses, and histopathological analysis
demonstrated partial protection, as vaccinated mice
developed markedly milder lesions compared to controls.
These findings indicate that heat-inactivated vaccines
combined with Montanide adjuvants represent promising
candidates for S. suis prevention. However, further
optimization of antigen formulations, evaluation of
cellular immune responses, and validation in target
animal species are warranted to achieve broader and more
durable protection.
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