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ARTICLE INFO ABSTRACT

Keywords: Glaesserella parasuis is the causative agent of Glasser’s disease in pigs and results in significant losses to the swine
Glaeserella parasuis industry annually. Due to the serovar and strain specific response associated with many bacterin vaccines, there
Glasser’s disease has been difficulty generating broad heterologous protection. Here, an unencapsulated G. parasuis mutant
X:ztcelﬁi (HS069Acap) was assessed as a bacterin vaccine and compared to a bacterin made from the encapsulated parent
Swine strain, against challenge with the homologous, parent strain (serovar 5) as well as four heterologous challenge

strains (serovar 1, 4, 5, and 14). Both the HS069 and HS069Acap bacterins generated high titers to the ho-
mologous and heterologous strains. The HS069Acap bacterin was able to provide protection against the parent
strain as well as 12939 (serovar 1), 2170B (serovar 4), and MN-H (serovar 13), but was unable to protect animals
from challenge with Nagasaki (serovar 5). In contrast, the HS069 bacterin was able to provide protection against
all challenge strains, showing the importance of serovar specific immunity against the challenge strain Nagasaki.
This appears to be due to the production of a more abundant and well-organized capsule in Nagasaki as
compared to HS069. This study indicates HS069Acap is a good candidate strain for bacterin development;

however, it may be less able to provide protection against highly encapsulated strains of G. parasuis.

1. Introduction

Glaesserella parasuis is a Gram-negative bacterium from the Pasteur-
ellaceae family and the causative agent of Glasser’s disease in pigs.
Glasser’s disease is a systemic inflammatory condition characterized by
fibrinopurulent polyserositis, polyarthritis, and meningitis, which con-
tributes to post-weaning mortality in pigs (Aragon et al, 2019).
G. parasuis is also commonly found in the nasal cavity of healthy pigs
and is considered a component of the normal nasal microbiota (Aragon
et al., 2019).

Isolates of G. parasuis are characterized by their capsular poly-
saccharide into 15 serovars (Kielstein and Rapp-Gabrielson, 1992). This
is done through serologic typing methods or using PCR to identify the
genes within the capsule locus to designate the specific capsule type
(Howell et al., 2017). Capsule is an important virulence factor in
G. parasuis, with capsule deficient mutants being avirulent in swine
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infection models (Eberle et al., 2020; Wang et al., 2013). Although the
correlation is not exact, there also seems to be a relationship between
serovar and virulence and some serovars are more commonly associated
with systemic disease, while others are most commonly found within the
nasal cavity of healthy animals (Aragon et al., 2010; Macedo et al., 2021;
Oliveira et al., 2003).

Control of Glasser’s disease has been challenging due to the lack of
heterologous protection between strains. While many vaccine platforms
have been evaluated, including bacterin vaccines, avirulent live vac-
cines, modified live vaccines, subunit vaccines, and vesicle based vac-
cines (Brockmeier et al., 2013; Martin de la Fuente et al., 2009; McCaig
et al., 2016; Miniats et al., 1991a; Miniats et al., 1991b; Nielsen, 1993;
Smart and Miniats, 1989), it has been challenging to induce broadly
protective immunity. Bacterin based vaccine platforms have shown
good protection against challenge with the homologous strain; however,
heterologous protection is not consistently found using bacterin
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vaccination (Bak and Riising, 2002; Miniats et al., 1991a; Miniats et al.,
1991b; Smart and Miniats, 1989). This has been attributed to the
development of immunity to the serovar of the bacterin strain, which
often is unable to provide protection against heterologous strains.

Here, we utilized a previously developed capsule deficient mutant
(HS069Acap) to evaluate the role of capsular immunity in protection
against G. parasuis (Eberle et al., 2020). This was assessed by employing
both HS069Acap and the parent strain (HS069) as whole cell bacterins
and utilizing homologous and heterologous challenge with five diverse
G. parasuis isolates.

2. Materials and methods
2.1. Bacterial isolates and growth conditions

G. parasuis isolates utilized in this study can be found in Table 1.
Isolates were grown in brain heart infusion broth (BD Biosciences,
Franklin Lakes, NJ) supplemented with 10 % heat inactivated horse
serum and 0.1 mg/mL NAD (BHI+) or BHI+ agar. All cultures were
incubated at 37° C with 5 % CO».

2.2. Bacterin generation

G. parasuis HS069 and HS069Acap were streaked onto BHI+ agar
from freezer stocks. Isolates were re-streaked onto 10-15 BHI+ plates.
Lawn cultures were harvested into PBS from the plates after overnight
growth. Serial dilutions were made of the cell suspension to quantify
colony forming units (CFU)/mL prior to inactivation. The cultures were
inactivated overnight at room temperature with the addition of 10 %
buffered formalin to a final concentration of 0.25 % formalin. Sterility
was checked by plating 100 pL onto BHI+ agar.

After inactivation was verified, a quantity of the bacterial suspension
to obtain 10° CFU/dose was washed with PBS, pelleted, and resus-
pended in PBS to comprise 80 % of the total vaccine volume. Emulsigen
D (MVP Laboratories, Omaha, NE) was added at 20 % of the vaccine
volume as an adjuvant. Each vaccine dose consisted of a 2 mL volume
containing 10° CFU and 20 % Emulsigen D.

2.3. Animal vaccination and challenge

All animal work was approved by the Institutional Animal Care and
Use Committee at the National Animal Disease Center. Vaccine efficacy
was tested in two independent trials. Animal trial 1 consisted of 29
cesarean-derived, colostrum-deprived (CDCD) pigs obtained from
Struve Labs Inc. (Manning, IA). Animal trial 2 consisted of 45 CDCD pigs
obtained from Struve Labs Inc. Pigs were vaccinated intramuscularly on
day 0 and day 21 of the study with HS069 bacterin, HS069Acap
bacterin, or phosphate buffered saline (PBS) with 20 % Emulsigen D
(adjuvant only). On day 42, animals were challenged intranasally with

Table 1
G. parasuis isolates used in vaccination and challenge.
Isolate Isolate Isolate Source Reference
Name Serovar
HS069 5 Lung of pig with (Howell et al., 2014)
Glasser’s disease
HS069Acap Capsule Previously (Eberle et al., 2020)
deficient generated mutant
12939 1 Lung of pig with (Brockmeier et al., 2013;
Glasser’s disease Brockmeier et al., 2014)
2170B 4 Joint of a pig with (Zehr et al., 2012; Zehr and
polyserositis Tabatabai, 2011)
MN-H 13 Pig with (Brockmeier et al., 2013;
polyserositis Brockmeier et al., 2014)
Nagasaki 5 Meninges of pig (Brockmeier et al., 2014;

Kielstein and
Rapp-Gabrielson, 1992)

with septicemia/
meningitis
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2mL of 1 x 108 of G. parasuis wild type HS069 (animal trial 1), 12939
(animal trial 1), Nagasaki (animal trial 2), MN-H (animal trial 2), or
2170B (animal trial 2). Each vaccine/challenge group consisted of five
pigs except the adjuvant only/HS069 challenged group, which had only
four pigs. Pigs were monitored for signs of systemic disease (lameness,
lethargy, respiratory disease, neurologic signs) and humanely eutha-
nized when severe clinical signs were noted. Surviving pigs were
euthanized 11-12 days after challenge. At necropsy, gross findings were
noted and the following samples were collected and screened for
G. parasuis via plating on BHI+ agar: nasal swab, serum, serosal swab,
joint sample, cerebrospinal fluid (CSF) sample, and lung lavage.

2.4. IgG ELISA

Blood was collected into a BD Vacutainer serum separator tube (SST)
(BD Biosciences, San Jose, CA). Serum was isolated as per manufac-
turer’s recommendations and samples were stored at —80° C until use.
Immulon-2 plates (Thermo Fisher Scientific, Waltham, MA) were coated
with 100 pL of a 0.5 pg/mL solution of G. parasuis sonicate in 100 mM
carbonate-bicarbonate buffer (pH 9.6) overnight at 4° C. Plates were
blocked with 200 pL of blocking buffer (2 % bovine serum albumin
[BSA] in PBS-0.05 % Tween 20 [PBST]) for two hours at room tem-
perature then washed three times with PBST. Two-fold dilutions of test
sera were generated in 1 % BSA in PBST and 100 pL of each dilution was
added to duplicate wells and incubated at room temperature for two
hours. Plates were washed three times with PBST and incubated for one
hour in 100 pL of a 1:50,000 dilution of horseradish peroxidase conju-
gated anti-porcine IgG (SeraCare Life Sciences, Milford, MA). After
washing with PBST, 100 pL of tetramethylbenzidine substrate (TMB)
(Life Technologies, Carlsbad, CA) was added and the reaction was
stopped after 10 min with 50 pL of 2 N HySO4. The optical density at
450 nm with correction at 655 nm was read and the OD data was
modeled as a nonlinear function of the logjo dilution using the log
(agonist)-versus-response variable slope four-parameter logistic model
in GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA). Endpoint
titers were interpolated using 2 times the average OD of the negative
control (gnotobiotic) serum sample as the cutoff.

2.5. Cytokine production by PBMCs

PBMCs were isolated on day 21 and 42 as previously described
(Braucher et al., 2012). PBMCs were seeded into 96-well plates at
2.5 x 10° cells per well and stimulated with whole cell sonicate of
HS069 or HS069Acap at 0.16 pg/mL in a total volume of 250 pL. After
72 hours, culture supernatants were harvested and frozen at —80°C until
performing assays.

Cytokines were quantified using antigen capture ELISAs. Plates were
coated overnight with 50 uL anti-cytokine antibody diluted in 100 mM
carbonate-bicarbonate buffer as indicated in Table S1. Prior to use,
plates were washed with PBST and blocked with 100 uL 2 % BSA in PBST
for 2 hours. Plates were washed and 50 pL of cell supernatant was added
to duplicate wells for antigen capture. After incubation for 2 hours,
plates were washed and probed for 1 hour with 50 uL biotinylated anti-
cytokine antibody diluted in 1 % BSA in PBST as indicated in Table S1.
Plates were washed and probed with 50 pL streptavidin-HRP conjugate
diluted 1:20,000 in 1 % BSA in PBST for 1 hour. Plates were washed,
developed with TMB, and stopped as described above. Plates were read
as indicated above. Cytokine concentration was interpolated from a
standard curve generated from dilutions of recombinant cytokine
(2.0 ng/mL, 1.0 ng/mL, 0.5 ng/mL, 0.25 ng/mL, 0.125 ng/mL, and 0 ng/
mL) using the average of the duplicate sample wells.

2.6. Hydrophobicity analysis

Capsule quantification was assessed using hydrophobicity measure-
ments previously described by Rosenberg et al. with minor
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modifications (Rosenberg et al., 1980). Briefly, bacteria were grown
overnight on BHI+ agar and suspended in PUM buffer. In 10 mm round
bottom test tubes, 1.2 mL bacterial suspension and 0.1 mL xylenes
(Mallinckrodt Pharmaceuticals, Staines-upon-Thames, United Kingdom)
were combined. The mixture was incubated at 37°C for 10 minutes,
vortexed for 2 minutes, and allowed to rest for 15 minutes at room
temperature. The aqueous phase was harvested and ODg4oy was
measured for the suspension pre- and post-treatment. Results were
calculated as a change in OD4 after xylene treatment.

2.7. Transmission electron microscopy (TEM)

Capsule was assessed as previously described (Borrathybay et al.,
2003; Jacques and Foiry, 1987; Kawamoto et al., 2007), with the
modifications indicated by Eberle et. al (Eberle et al., 2020). G. parasuis
was grown on BHI+ plates overnight and suspended in 0.1 M cacodylate
buffer containing 2.5 % glutaraldehyde and 0.1 % ruthenium red. After a
2 h incubation, bacteria were pelleted and resuspended in 0.1 M caco-
dylate buffer containing 2.5 % glutaraldehyde and 1.0 mg/mL of poly-
cationic ferritin for 30 min. Bacteria were washed in 0.1 M cacodylate
buffer and post-fixed with 2 % osmium tetroxide. After rinsing in 0.1 M
cacodylate buffer, samples were dried and embedded in Eponate 12 (Ted
Pella Inc., Redding, CA). Samples were polymerized for 48 hours,
sectioned, and stained with 4 % uranyl acetate and Reynolds’ lead stain.
Samples were examined using a FEI Tecnai G2 BioTWIN electron mi-
croscope (FEI Co., Hillsboro, OR).

2.8. Statistics

Statistics were completed using GraphPad Prism 7 (GraphPad Soft-
ware Inc., La Jolla, CA). Survival was analyzed using the Kaplan and
Meier method and compared using the log-rank test. Log;o antibody
titers and cytokine production were compared using two-way ANOVAs.
Hydrophobicity data was analyzed using a one-way ANOVA. A P value
of < 0.05 was considered significant.
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3. Results
3.1. ELISA titers

Collected serum was evaluated on days 0, 21, and 42 for antibody
titers to HS069, HS069Acap, and the challenge strain (12939, 2170B,
MN-H, or Nagasaki). Titers to HS069 and HS069Acap in bacterin
vaccinated pigs were higher than that of adjuvant only vaccinated pigs
in both trials on day 21 and 42 (p < 0.01, Figs. 1 and 2). Heterologous
titers were also evaluated for the challenge strains. Significantly higher
titers were found in the bacterin vaccinated groups as compared to the
adjuvant only animals on day 21 and 42 for all heterologous challenge
strains (p < 0.01, Figs. 1 and 2).

Comparison of titers from HS069 bacterin vaccinated animals and
HS069Acap bacterin vaccinated animals revealed similar titers to the
challenge strains. In animal trial 1, animals vaccinated with the HS069
bacterin had similar titers to those vaccinated with the HS069Acap
bacterin for HS069, HS069Acap, and 12939 on day 21 (Fig. 1-A-C);
however, on day 42, vaccination with the HS069Acap bacterin resulted
in higher titers to HS069Acap than HS069 bacterin vaccination (Fig. 1-
B). Similarity in titers between bacterin vaccines was also seen in animal
trial 2 when evaluating titers for HS069, HS069Acap, 2170B, MN-H, and
Nagasaki (Fig. 2-A-E). Statistically higher titers to HS069Acap were seen
in HS069Acap bacterin vaccinated animals on day 21 as compared to
HS069 bacterin vaccinated animals (p = 0.026, Fig. 2-B), though titers
were comparable on day 42. Although they did not reach the statistical
threshold, on day 42 the titer of HS069Acap bacterin vaccinated animals
was higher for 2170B (p = 0.099) and lower for MN-H (p = 0.0865)
when compared with HS069 bacterin vaccinated animals (Fig. 2-C and
-D, respectively).

3.2. Cell mediated immune response

Peripheral blood mononuclear cells (PBMCs) were harvested and
stimulated with whole cell sonicates of HS069 and HS069Acap to
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Fig. 1. Serum IgG response and survival from Experiment 1. Titers to HS069 (A), HS069Acap (B), and 12939 (C) were elevated in both bacterin vaccinated groups as
compared to the adjuvant only group on day 21 and 42. No difference in titer to HS069 or 12939 was found between HS069 and HS069Acap bacterin vaccinated
animals on day 21 or on day 42; however, higher titers to HS069Acap were seen for HS069Acap bacterin vaccinated animals at day 42 when compared with HS069
bacterin vaccinated animals. Survival was compared between groups following challenge with the homologous strain HS069 (D) and the heterologous strain 12939
(E). Improved survival was seen in bacterin vaccinated groups when compared with the sham vaccinated animals. No difference in survival was noted between the
HS069 bacterin and the HS069Acap bacterin. Statistical significance is indicated by the asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.0001).
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Fig. 2. Serum IgG response and survival from Experiment 2. Titers to HS069 (A), HS069Acap (B), 2170B (C), MN-H (D), and Nagasaki (E) were elevated in both
bacterin vaccinated groups as compared to the adjuvant only group on day 21 and 42 (p < 0.001). As noted in Experiment 1, titers were similar for HS069 and
HS069Acap bacterin vaccinated animals. Survival following challenge with the heterologous strains 2170B (F) and MN-H (G) was increased but not statistically
significant (p = 0.1667); however, one pig from the adjuvant only group in both 2170B and MN-H challenges showed clinical signs consistent with G. parasuis
disease. When assessing clinical disease rather than survival, protection becomes significant for both bacterin vaccines (p = 0.0476). Animals vaccinated with the
HS069 bacterin were protected against challenge with the heterologous strain Nagasaki (p = 0.0079); however, pigs vaccinated with the HS069Acap bacterin were
not. Titers for panels A and B represent all vaccinated animals, while C-E represent only animals challenged with the corresponding strains. Statistical significance is

indicated by the asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.0001).

compare the cell mediated immune response to G. parasuis after vacci-
nation with the HS069 or HS069Acap bacterin. Production of IFN-y, IL2,
IL10, IL13, IL17, and TNF-a were evaluated on day 21 and 42. No dif-
ferences in cytokine production from PBMCs were identified on day 21
between pigs vaccinated with the HS069 bacterin, HS069Acap bacterin,
and adjuvant only (data not shown). On day 42, production of IL10 from
the PBMCs of animals vaccinated with the HS069Acap bacterin was
higher than that of HS069 bacterin and adjuvant only vaccinated ani-
mals after stimulation with HS069Acap (p =0.0376 and 0.0218,
respectively). Production of other assessed cytokines was comparable
between HS069 and HS069Acap bacterin vaccinated animals (data not
shown).

3.3. Homologous challenge

The capacity of both the HS069 bacterin and the HS069Acap
bacterin to protect pigs against challenge with the homologous strain
(HS069 wild type) was assessed. Bacterin vaccinated animals survived
challenge with HS069, while adjuvant only animals succumbed to

disease (Fig. 1-D) (p = 0.0079). Protection from disease was similar
between animals receiving the HS069 bacterin or the HS069Acap
bacterin (p > 0.99).

3.4. Heterologous challenge

Animals were challenged with four heterologous strains with respect
to serovar (n = 3) or strain (n = 1) following vaccination with HS069
(serovar 5) or HS069Acap bacterins: 12939 (serovar 1), 2170B (serovar
4), MN-H (serovar 13), or Nagasaki (serovar 5). Survival curves of ani-
mals following heterologous challenge can be found in Fig. 1-E (12939)
and Fig. 2-F-H (2170B, MN-H, and Nagasaki, respectively). Heterolo-
gous challenge with the serovar 1 strain 12939 (animal trial 1) showed
significant differences between protection in bacterin vaccinated ani-
mals as compared to adjuvant only animals (Fig. 1-E) (p = 0.0079 and
p = 0.0476, for the HS069 and HS069Acap bacterins, respectively).
There was no difference in protection between animals vaccinated with
the HS069 bacterin and the HS069Acap bacterin (p > 0.99). In animal
trial 2, although all bacterin vaccinated pigs survived challenge with
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2170B (serovar 4) (Fig. 2-F) and MN-H (serovar 13) (Fig. 2-G), the dif-
ference in survival between bacterin vaccinated and adjuvant only an-
imals was not statistically different due to diminished lethality with
these strains (p = 0.1667); however, in both groups, one adjuvant only
pig showed clinical signs of G. parasuis disease that resolved without
progression to severe disease. When considering animals with clinical
signs of disease, there was a significant difference between the bacterin
vaccinated and adjuvant only animals (p = 0.0476).

Challenge with Nagasaki, a homologous serovar but heterologous
strain to the vaccine, produced different results from challenge with the
other strains. Animals vaccinated with the wild type HS069 bacterin
were protected from challenge with Nagasaki, while 80 % of animals (4/
5) vaccinated with the HS069Acap bacterin succumbed to G. parasuis
disease (p = 0.0476) (Fig. 2-H). Statistical differences were noted in the
survival curves of the adjuvant only animals and HS069Acap bacterin
vaccinated animals (p = 0.0143), though overall survival was not sta-
tistically different (p > 0.99).

3.5. Capsule quantification

The quantity of capsule produced by strains HS069 and Nagasaki was
assessed using a hydrophobicity assay. The unencapsulated HS069Acap
was found to be the most hydrophobic strain, with the lowest percentage
of the cell suspension remaining in the aqueous phase (Fig. 3-A). The
HS069 parent strain was significantly less hydrophobic than the mutant
strain (p < 0.001). Additionally, the heterologous serovar 5 isolate
Nagasaki was significantly less hydrophobic than the wild type vaccine
strain (HS069) (p = 0.0317). Because capsule is a hydrophilic substrate,
increased encapsulation results in increased retention of cells within the
aqueous phase (or a higher percent OD4gp post-assay), as seen with
HS069 and HS069Acap (Fig. 3-A). Capsule structures of HS069 and
Nagasaki were also imaged using electron microscopy to assess quantity
and structure (Fig. 3-B-C). Strain Nagasaki demonstrated a more orga-
nized and thicker capsule layer (Fig. 3-B) compared to strain HS069
(Fig. 3-C). The capsular polysaccharide of HS069 appeared sparser and
the external structure was more frayed than that seen in Nagasaki.

4. Discussion

G. parasuis is a significant contributor to post-weaning mortality in
the swine industry. Because of the rapid progression of disease and the
presence of multiple strains and serovars within the industry and farms
(Aragon et al., 2019; Cerda-Cuellar et al., 2010), Glasser’s disease has
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been challenging to control. Different vaccination strategies have been
attempted; however, it is difficult to generate broadly protective im-
munity, which has been attributed to strain specific immunity and more
specifically associated with capsular immunity that results in serovar
specific protection (Aragon et al., 2019; Martin de la Fuente et al., 2009;
Miniats et al., 1991a; Miniats et al., 1991b; Smart and Miniats, 1989).
While the efficacy of capsular directed immunity in protection against
encapsulated bacteria is well known (Croucher et al., 2018; Gasparini
and Panatto, 2011; Kelly et al., 2004; Sadarangani, 2018), in this study
we found immunity to capsule is not necessary for protection against all
G. parasuis isolates.

Vaccination with both the parent strain HS069 and the defined
mutant HS069Acap bacterins generated high titers and provided pro-
tection against homologous and heterologous challenge strains. Due to
the absence of capsular polysaccharide, antibody induced by the
HS069Acap bacterin would be directed at cellular proteins and cell wall
components and would not generate capsular directed immunity. Sur-
vival of animals vaccinated with the HS069Acap bacterin against chal-
lenge with HS069 indicates that immunity to capsular polysaccharide is
not necessary for protection against all G. parasuis isolates. Additionally,
the protection afforded by the HS069Acap bacterin was able to provide
heterologous protection against 12939 (serovar 1), 2170B (serovar 4),
and MN-H (serovar 13); which indicates immunity to proteins and cell
wall components can provide heterologous protection. In contrast,
protection against Nagasaki, a heterologous serovar 5 isolate, was only
seen in animals vaccinated with the HS069 bacterin. We speculate the
difference in protection against Nagasaki between the HS069 and
HS069Acap bacterins could be due to the stimulation of capsule directed
immunity. This would mean that, for some G. parasuis isolates, capsular
immunity may be more important for survival. We observed differences
in the median survival time between animals vaccinated with
HS069Acap bacterin and adjuvant only, which may indicate immunity
to cellular proteins and the cell wall were able to slow the progression of
disease. To better understand in vivo protection, future studies should
characterize the bacterin induced immune response and assesses capsule
specific immunity.

In this study, we speculated differences in survival between animals
vaccinated with the HS069 and HS069Acap bacterins after challenge
with HS069 and Nagasaki, both serovar 5 isolates, were associated with
differences in immunity to capsular polysaccharide. We hypothesized
immunity to capsular polysaccharide was more important for protection
against Nagasaki due to differences in capsule production between
Nagasaki and HS069. More surface polysaccharide would prevent

B

Fig. 3. Capsule assessment. (A) The affinity of each strain for xylenes was assessed to indicate the hydrophobicity of each individual strain. Results are reported as a
percent of the absorbance at OD4g¢ of the initial suspension. Because capsule is a hydrophilic substance, a greater portion of the suspension remains in the aqueous
phase for highly encapsulated strains, resulting in a higher percent absorbance post-incubation. The outer membrane is hydrophobic and the unencapsulated
HS069Acap is removed by the hydrophobic xylenes phase, resulting in a lower percent absorbance post-incubation. Significant differences in hydrophobicity are

represent by the asterisks (* p < 0.05, ** p < 0.01, *** p < 0.0001). TEM image of G. parasuis Nagasaki (B) and HS069 (C). Nagasaki produced capsular poly-
saccharide that generally appeared thicker and better organized (white arrow) while HS069 produced less capsular polysaccharide and the material appeared more

frayed at the external surface (red arrows).
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antibodies directed at protein and cell wall components from interacting
with their cognate antigens, limiting the efficacy of those antibodies in
protection. To assess our hypothesis, we evaluated capsular poly-
saccharide using a hydrophobicity assay and TEM. We found Nagasaki
produced a thicker, more well-organized capsule, which may explain
why protection was observed following vaccination with the HS069
bacterin as HS069 produces capsule and could stimulate capsule
directed immunity.

Our findings in this study lend insight into previous work evaluating
G. parasuis bacterin vaccines and may help clarify the differences seen in
efficacy of bacterin vaccination against heterologous challenge. Previ-
ous work from our lab compared the use of Nagasaki and HS069 bac-
terins against challenge with the homologous strain and heterologous
challenge with 12939 (Hau et al., 2021). We found both bacterins were
able to provide homologous protection; however, only HS069 was able
to protect against challenge with 12939, as seen in this study (Hau et al.,
2021). This absence of protection was also seen when pigs vaccinated
with a Nagasaki bacterin were challenged with the serovar 2 strain
Takikawa 188 (Takahashi et al., 2001). The results of the present study
considered with previous work evaluating Nagasaki bacterins (Hau
et al., 2021; Takahashi et al., 2001) indicate encapsulation may play a
role in the reduced efficacy of Nagasaki as a bacterin in protection
against heterologous challenge. The increased encapsulation of this
strain may block surface protein antigens and stimulate a more capsule
directed immune response, which would provide a response more likely
to be serovar specific. Future work should further investigate the im-
mune response to bacterins to better understand the response to capsule
and cellular protein in vivo.

Here, we report the use of an acapsular mutant of G. parasuis strain
HS069 as a formalin inactivated bacterin. We found the HS069Acap
bacterin was able to produce comparable titers to the HS069 bacterin.
Additionally, vaccination with HS069Acap was able to provide protec-
tion against the virulent parent strain and three heterologous strains.
This indicates while capsular immunity may make up a portion of the
response to encapsulated G. parasuis bacterins, it is not essential to
provide protection against all G. parasuis strains. In contrast, protection
against Nagasaki was only seen with the HS069 bacterin which could
stimulate antibodies directed at capsular polysaccharide. While both
bacterin vaccine groups produced significantly more antibody directed
at Nagasaki than the sham vaccinated controls, the antibody was only
able to provide protection when the vaccine strain produced capsular
polysaccharide and antibody to that polysaccharide could be generated,
which we suspect to be associated with the degree of encapsulation of
Nagasaki as compared to HS069. This study confirms the importance of
strain selection in the generation of bacterin vaccines, as capsule is
essential for protection against some G. parasuis strains but in some cases
appears to hinder the development of a protective immune response
against heterologous strains.
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