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Novel virulence factor Cba
induces antibody-dependent
enhancement (ADE) of
Streptococcus suis Serotype 9
infection in a mouse model

Pengjiang Yang †, Lei Yang †, Kun Cao, Qian Hu, Yuli Hu, Jun Shi,
Dun Zhao and Xinglong Yu*

College of Veterinary Medicine, Hunan Agricultural University, Changsha, China
Streptococcus suis (SS) is a zoonotic pathogen that affects the health of humans

and the development of the pig industry. The SS Cba protein is a collagen adhesin,

and a few of its homologs are related to the enhancement of bacterial adhesion.

We compared the phenotypes of SS9-P10, SS9-P10 cba knockout strains and its

complementary strains in vitro and in vivo and found that knocking out the cba

gene did not affect the growth characteristics of the strain, but it significantly

reduced the ability of SS to form biofilms, adhesion to host cells, phagocytic

resistance to macrophages and attenuated virulence in a mouse infection model.

These results indicated that Cba was a virulence related factor of SS9. In addition,

Mice immunized with the Cba protein had higher mortality andmore serious organ

lesions after challenge, and the same was observed in passive immunization

experiments. This phenomenon is similar to the antibody-dependent

enhancement of infection by bacteria such as Acinetobacter baumannii and

Streptococcus pneumoniae. To our knowledge, this is the first demonstration of

antibody-dependent enhancement of SS, and these observations highlight the

complexity of antibody-based therapy for SS infection.

KEYWORDS
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1 Introduction

SS is a Gram-positive, facultatively anaerobic coccus that is a pathogen of pigs and a

zoonotic agent, causing diseases such as sudden death (pigs), septic shock (humans), and

meningitis (both species) (Staats et al., 1997; Wertheim et al., 2009; Gottschalk et al., 2010).

Currently, 29 serotypes have been proposed for SS according to traditional serotyping

methods. With the development of genotyping technology, SS has been genotyped using the

capsular polysaccharide (CPS) locus, and 27 additional novel CPS synthesis (cps) loci (NCL)

were reported(Okura et al., 2016; Zheng et al., 2017). SS1, SS2, SS7, and SS9, identified

through traditional typing, are the main pathogenic serotypes in pigs (Staats et al., 1997).
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Some serotypes such as serotype 1, 2, 5, 9, 14, 16, 28, and 31 can

infect humans (Lun et al., 2007; Gottschalk et al., 2010; Nutravong

et al., 2014; Taniyama et al., 2016), and therefore, SS has serious

implications for public health safety.

More than 100 virulence factors of SS are known (Segura et al.,

2017), around one-third of which are surface proteins that function

outside the cytoplasm, and these surface proteins have numerous

functions, including adhesion to and invasion of host cells and tissues,

evasion of immune responses and biofilm formation, etc (Fittipaldi

et al., 2012). Among these are the surface proteins containing the

conserved LPxTG motif (LPxTG, Leu-Pro-x-Thr-Gly) (Bonifait et al.,

2010). Cbp40 (collagen-binding protein 40) of SS2 and Cnm and

Cbm of Streptococcus mutans (collagen-binding protein of

Streptococcus mutans) enhance bacterial adhesion and colonization,

which are important pathogenic factors for bacteria (Sato et al., 2004;

Nomura et al., 2012; Zhang et al., 2013; Araujo Alves et al., 2018). Cba

(collagen-binding adhesive, GenBank: AER20303.1), a collagen

adhesive of SS, is a homolog of the afore-mentioned virulence

factors and may also has the potential to function as a virulence factor.

To further understand the mechanism of SS-host interaction, an

in-depth study of the virulence genes and proteins in SS is necessary.

Bacterial surface proteins containing the LPxTGmotif associated with

bacterial virulence, such as the Cbp40 (Zhang et al., 2013), HP0197

(Zhang et al., 2009), and Sao (Li et al., 2007) proteins of SS, the SpaA

protein family of Erysipelothrix insidiosa, and the Omp85 protein

family of gram-negative bacteria (Torres et al., 2018), are highly

immunogenic and potentially valuable for the development of

relevant vaccines. In a preliminary study, strain DN13 of SS9 was

isolated from a pig that died of septicemia in Chenzhou, Hunan

Province, China. We found that its virulence was significantly

enhanced when it was sub-cultured in ICR mice up to the 10th

generation (SS9-P10). To explore the mechanism underlying this

enhanced virulence, we comparatively analyzed the genome

sequences of DN13 and SS9-P10 strains and in addition to the

previously identified transcriptional regulator SrtR (Hu et al., 2018),

we found that Cba containing the LPxTG motif showed multi-site

mutations in SS9-P10 compared to the parental strain DN13, which

could be another potential virulence-related factor for SS9-P10. In the

present study, we report the impact of the cba gene on virulence of SS

by growth assays, in vitro adhesion and phagocytosis assays, and

finally by in vivomouse infection assays. Our data suggest that Cba of

SS9-P10 is a novel virulence factor. Simultaneously, we cloned the

gene fragment for recombinant expression and immunized ICR mice

with it to investigate its potential as an immunoprotective antigen of
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SS. However, mice immunized with the Cba protein were more

sensitive to SS, with a higher mortality rate than that in the control

group. This phenomenon was beyond our expectations.
2 Materials and methods

2.1 Bacterial strains, plasmids, and cultures

The strains and plasmids used in the present study are listed in

Table 1. The background and culture conditions for DN13 and SS9-

P10 were based on our previous report (Hu et al., 2018). Briefly, SS-

related strains were cultured in brain-heart infusion (BHI) medium;

DH5a and Escherichia coli-related strains were cultured on Luria-

Bertani (LB) medium at 37°C and shaking at 180 rpm. When

necessary, antibiotics were added for SS transformations at the

following concentrations: 50 mg/mL for spectinomycin, 8mg/mL for

chloromycetin. Antibiotic concentrations for E. coli were 25 mg/mL of

chloromycetin, 50 mg/mL of spectinomycin and 50 µg/ml

of kanamycin.
2.2 Construction of the SS9-P10 cba gene
knockout strain and its complementary
strain

The construction of non-polar knockout mutants and

complementation strains was performed as previously reported (Hu

et al., 2018). Briefly, SS9-P10 genomic DNA was used as a template to

amplify the upstream and downstream homologous arms of the cba

gene using primers Cba-LF/Cba-LR (enzyme cut site: HindIII, SalI)

and Cba-RF/Cba-RR (enzyme cut site: BamHI, EcoRI) to obtain cbaL

and cbaR fragments, respectively. The pSET4S plasmid was used as a

template to amplify the spc gene fragment using primers Spc-F/Spc-R

(enzyme cut site: SalI, BamHI). The spc, cbaR, and cbaL fragments

obtained by PCR were sequentially cloned into the pSET6s vector and

verified using Sanger sequencing at BIOSUNE Biotechnology Co., Ltd

(China) to obtain a pSET6s-Dcba knockout plasmid. Competent

streptococcal cells were prepared under electroporation conditions

according to a previous report (Takamatsu et al., 2001). After

introducing pSET6s-Dcba into SS9-P10, double-crossover cba

de le t ion mutants (SS9-P10 :Dcba ) were screened . The

complementary DNA fragments of the cba by PCR using primers

CbaF and CbaR. The resultant product was then inserted into pSET1
TABLE 1 Strains and plasmids used in this study.

Name Characteristic Source or reference

SS9-P10 DN13 was transmitted to the 10th generation in mice Hu et al., 2018

BL21 (DE3) Escherichia coli engineer bacteria for the expression of recombinant protein Tsingke Biotechnology Co., Ltd

DH5a E. coli engineer bacteria for the expression of recombinant protein Tsingke Biotechnology Co., Ltd

pSET6s Thermosensitive suicide vector for the construction of an isogenic mutant in SS; spcR Takamatsu et al., 2001

pSET1 E. coli-SS shuttle cloning vector; cmR Takamatsu et al., 2001

pET28a (+) Plasmid expressing recombinant protein Tsingke Biotechnology Co., Ltd
cmR, chloramphenicol resistance; spc R, spectinomycin resistance.
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at BamHI/PstI sites to generate pSET1-cba. This plasmid was used to

introduce a functional cba gene into SS9-P10:Dcba to generate

complementing strains SS9-P10:CDcba. Empty pSET1 was

introduced into SS9-P10 as a control to exclude the effect of the

vector. Primer sequences are listed in Table 2.
2.3 Bacterial growth assay

SS was resuscitated and incubated at 37°C for more than 8 h (or

overnight). The bacterial culture was subsequently diluted with fresh

BHI medium to an OD600 of 0.1 and incubated at 37°C for 12 h.

Growth was observed every hour to determine growth characteristics.
2.4 Characterization of cba on bacterial
virulence in vitro

2.4.1 Biofilm formation assays
The capacity for biofilm formation was tested using the protocol

as reported previously (Meng et al., 2011). The overnight cultures

were diluted and 200mL of each strain diluent (at OD600 of 0.1) was

added to 24-well microplates (each well containing 1.8ml BHI) and

incubated for 72h at 37°C. The wells were then washed three times to

remove free-floating planktonic bacteria. After drying in air, the

biofilms were stained with 500mL of 0.1% crystal violet for 30 min.

After washing with ddH2O, the wells were dried for 2h at 70°C. After

adding 500mL of 33% glacial acetic acid to each well, the microplates

was placed on a shaker for 30min to elute the biofilm-bound dye, and

the biofilms were quantified by recording the absorbance at 595 nm.
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2.4.2 Bacterial adhesion assays
Adhesion assay of bacteria to the porcine kidney 15 (PK15) cells

were performed as described previously with some modifications

(Zhang et al., 2015). Briefly, PK15 cells were seeded into the wells of

24-well microplates and cultivated in RPMI 1640 (containing 10%

FBS). The bacteria (SS9-P10, SS9-P10:Dcba and SS9-P10:CDcba) were
added to PK15 monolayers at a multiplicity of infection (MOI) of

about 100:1, with triplicate wells for each strain. After 2h incubation

at 37°C and 5% CO2, the wells were washed four times with

phosphate-buffered saline (PBS) and then lysed with ice-cold

ddH2O on ice for 20 min. The number of cell-adherent bacteria

was determined by plating dilutions of the lysate on BHI plates.

Adhesion is defined as CFU adhered to the cells/CFU in original

inoculum × 100%. The experimental procedures were repeated three

times independently.
2.4.3 Anti-phagocytosis assays

To evaluate the anti-phagocytic ability of the three strains. The

assay was performed as the previous description with some minor

modifications (Wang et al., 2019). RAW264.7 cells were cultured at

37°C and 5% CO2 overnight in DMEM with 10% FBS to form

monolayers in 24-well plates. Then, the culture medium was

discarded, wells were washed with PBS, and the bacteria were

added to the wells at MOI of 10:1. The plates incubated for 1h in a

CO2 incubator at 37°C. The wells were then washed four times with

sterile PBS to remove non-adherent bacteria. DMEM containing

ampicillin (100mg/ml) was then added to the wells and incubated

for 1h at 37°C and 5% CO2. Subsequently, the macrophage was lysed
TABLE 2 Related primers of cba mutation strain.

Primer Name Primer sequences (5′ - 3′) Function

Cba-LF CCCCAAGCTTAGTGGTACTGGAAACCGAATT
Amplification of cba upstream homologous arm

Cba-LR CGCGTCGACCAGTCTAATTGTCTTCTTAAAAC

Cba-RF GCGGGATCCTACCGAGGAGCCAATGACTA
Amplification of cba downstream homologous arm

Cba-RR CGGAATTCCGGTTATACTCAGGTAATGCT

Spc-F CGCGTCGACGTGAGGAGGATATATTTGAATAC
Amplification of spc resistance gene fragment

Spc-R GCGGGATCCTTATAATTTTTTTAATCTGTTATTTAAA

Cm-f-S CGCGTCGACATGAACTTTAATAAAATTGATTTAGA
Plasmid-specific primers for pSET6s and pSET1

Cm-r-B GCGGGATCCTTATAAAAGCCAGTCATTAGGC

ORF Cba-F ATGATTGGTGGAGCATACGTTG
cba gene detection primer

ORF Cba-R TTAAGCATTCTTAGATTTACGG

pSETa GGTGAAAACCTCTGACACATGC
pSET1 plasmid detection primers

pSETb CGTTACCCAACTTAATCGCCTT

Cba-F CGCGAATTCATGTTTGAAATTCAAGGTCGCGGATA Cloning upstream primers of cba fragment

Cba-R CGCGTCGACTTAGAGCCGTTTTTCTAGTTTTC Cloning Downstream Primers of cba fragment

CbaF aaaa CTGCAGttaaatatcaatctataattaaag
For amplification of complementary DNA fragments of cba

CbaR cg GGATCCttaagcattcttagatttacggt
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with ice water after thrice times washing with PBS. Serial twofold

dilutions of the cell lysate was plated on BHI agar plates. The assay

was performed three independent times.
2.5 Characterization of cba on bacterial
virulence in vivo

2.5.1 Pathogenicity assays in mice
SS9-P10, SS9-P10:Dcba, and SS9-P10:CDcba strains were

overnight cultured in fresh BHI and subcultures of these strains

were grown for 4 h to mid exponential phase. After centrifuging and

washing with sterile PBS twice, suspensions were 10-fold serially

diluted to approximately 107 CFU/ml. Twenty-four Specific Pathogen

Free (SPF) ICR mice (female, 4 weeks old, were purchased from

Hunan Sleek Jingda Laboratory Animal Co.) were randomly divided

into 3 groups (8 mice/group) and challenged by intraperitoneal

injection with the doses of 106 CFU/mouse of SS9-P10, SS9-

P10:Dcba and SS9-P10:CDcba respectively (100 ml/mouse). Mice

were monitored once a day for 14 days to determine the mortality.

2.5.2 Competitive infection experiment
A competitive infection assay was performed by referring to the

method reported by Jelsbak (Jelsbak et al., 2016). Briefly, four-weeks-

old female ICR mice (n=8) were infected with the same concentration

(1 × 107 CFU) SS9-P10 and SS9-P10:Dcba mixed in equal

proportions, and blood was taken from the eye sockets at 24, 48,

and 72 h. The collected blood was diluted with saline, spread on BHI

(for culture of SS9-P10 and SS9-P10:Dcba strains) and BHI SpcR plates

(for selective culture of SS9-P10:Dcba strains), and incubated for 18 h

at 37°C in a 5% CO2 incubator to calculate the bacterial load, which

was then calculated using the following formula to calculate the

competitive infection index. The competitive index (CI) was

calculated as the SS9-P10:Dcba/SS9-P10 ratio of the blood count

versus the SS9-P10:Dcba/SS9-P10 ratio of the inoculum.
2.6 Preparation of Cba recombinant protein
subunit vaccine

The recombinant cba was expressed by an E. coli expression

system with a pET-28a (+) vector as described in “Molecular Cloning:

A Laboratory Manual.” Briefly, the cba gene fragment was amplified

from the genomic DNA of SS9-P10 by PCR and cloned into pET-28a

(+). E. coli strain BL21 (DE3) was used to express the recombinant

Cba protein induced by isopropyl b-D-1-galactoside (IPTG). The

recombinant protein was purified using HisTrap HP columns (GE

Healthcare Life Sciences, USA). The subunit vaccine was formulated

by mixing 200 µg/mL of recombinant Cba (rCba) 1:1 with emulsified

Montanide ISA 201 adjuvant (Seppic, France).
2.7 Mice active immunization and chellenge
assays

Sixteen ICR mice (4 weeks old) were divided into two groups

(immunized group and control group) of eight mice each. Each
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mouse in the immunized group was intramuscularly injected with

100 mL of subunit vaccine and the control group was immunized with

an equal volume of Montanide ISA 201 adjuvant. The immunization

was performed with two injections with a two-week interval. Mice in

the immunized and control groups were infected with SS9-P10 at a

dose of approximately 1 × 107 CFU/mouse 7 days after the second

vaccination, and the mortality rate was counted. To ensure the

reliability of the results, two challenge protection experiments

were performed.
2.8 Determination of antibody serum levels

Serum was from mice collected on days 14, 21, 28, and 35 days

after the first immunization, respectively. Three mice from each

group were sampled at random on each date. Serum antibody titers

were determined by indirect ELISA (Yi et al., 2021). Briefly, the 96-

well microplates were coated with purified recombinant rCba

(100 ng/100 µL) overnight at 4 °C. The protein solution was then

removed and 100 mL of blocking solution was added to each well,

blocked at 37°C for 1 h, and washed 4 times with phosphate-buffered

saline containing 0.1% Tween 20 (PBST). The serum was diluted 100

times with PBST, added to the wells, and incubated at 37°C for 30

min. Following additional washings, goat anti-mouse IgG-HRP (Sera

Care, USA) was added to the wells at 1:12,800 dilution. The

absorbance at 450 nm was measured using a microplate reader.
2.9 Mice passive immunization and
chellenge assays

Serum samples were collected from mice on days 7 day after the

second immunization and were stored at 4°C. Sixteen ICR mice (6-

week-old) were randomly divided into 2 groups (n=8 in each group).

For the first group, each mouse was immunized by an intraperitoneal

injection 100 mL antiserum. The second group served as a control

group and mice received an intraperitoneal injection 100 mL of PBS.

Twenty-four hours later, mice of each group were challenged with a

dose of 1×107CFU of SS9-P10/mouse by intraperitoneal injection.

Mice were monitored once a day for 14 days to determine

the mortality.
2.10 Bacterial load in the blood and tissues

To assess whether rCba immunization affects the distribution of

SS in blood and organs, we injected 1 × 107 CFU of SS9-P10

intraperitoneally into groups of mice (n = 10)(The immunization

experimental details were the same as those described in the”Active

immunization “ section). And all the challenged mice were euthanized

24h later and peripheral blood was collected from the mice, then the

heart, liver, lungs, spleen, and kidneys of each mouse were collected

under aseptic conditions. The serial tenfold dilutions of the tissue

homogenate and blood were transferred to agar plates, the plates were

incubated at 37°C for 24 hours and the number of CFUs

was determined.
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2.11 Histopathological analysis

The livers, lungs, kidneys, and spleens of dead mice in immunized

and control groups were sampled. The tissues were preserved in 4%

paraformaldehyde solution, and histological sections were prepared

using routine methods and stained with hematoxylin and eosin.
2.12 Statistical analysis

Graphpad Prism version 6.0 for Windows (Graphpad Software,

USA) was used to analyze the growth of bacteria and survival of mice.

Unless otherwise stated, the data are expressed as mean ± standard

deviation. The survival rates among the related groups were

compared by logarithmic rank (Mantel-Cox) test. *P < 0.05,

**P < 0.01 and ***P < 0.001 were considered significant, extremely

significant and most significant, respectively.
3 Results

3.1 Growth characteristics of mutant strains

To identify the possible role of cba in SS9-P10, we constructed a cba

mutant strain (SS9-P10:Dcba) and its complementary strain (SS9-P10:

CDcba). The effect of cba deletion on general biological characteristics

was evaluated. The results show that, no significant differences were

observed in the morphology (Figure 1) and growth characteristics

(Figure 2) of SS9-P10, SS9-P10:Dcba, and SS9-P10:CDcba.
3.2 Characterization of cba on bacterial
virulence in vitro

The deletion of the cba gene significantly reduced the ability of SS

to form biofilms (Figure 3A), adhesion to host cells (Figure 3B) and

phagocytic resistance to macrophages (Figure 3C) compared with the

SS9-P10 and SS9-P10:CDcba strains.
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3.3 SS9-P10cba gene knockout strains
attenuate pathogenic effects in mice

The pathogenicity of SS9-P10, SS9-P10:Dcba and SS9-P10:CDcba in

mice varied considerably. Mice in SS9-P10 challenge group was the first

to show clinical signs of the disease, followed by SS9-P10:CDcba group

and finally the SS9-P10:Dcba groups, and all of the mice infected with

SS9-P10 or SS9-P10:CDcba displayed severe symptoms, such as unkempt

coat, slow response, and purulent discharge from the corners of the eyes.

In terms of mortality, the SS9-P10 group had a 100%mortality rate, with

mice dying on the second day after the challenge and all mice dying on

the eleventh day after the challenge (n = 8). SS9-P10:CDcba group had

the second-highest mortality rate, with the first death also occurring on

the second day after the challenge, and the mortality rate was 62.5% on

the fourth day, with the surviving mice, gradually returning to normal

after the fifth day (n = 8). SS9-P10:Dcba group had the lowest mouse

mortality rate, with the first death occurring on the third day after the
FIGURE 1

Gram staining of strains before and after deletion of cba gene and complementary deletion. The knockout of the cba gene does not affect the gram
staining properties and appearance of SS. (A-C) are the results of microscopic examination of the gram staining of SS9-P10, SS9-P10:Dcba, and SS9-P10:
CDcba, respectively.
FIGURE 2

Growth curve before and after cba gene deletion, and the survival
curve of mice during a challenge. Deletion and deletion
complementation of the cba gene does not affect the growth of SS.
All three strains entered the logarithmic growth phase after 2 h and
reached the plateau phase after about 4 h.
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challenge and only 25% mortality rate by Day 7 (n = 8); the surviving

mice gradually returned to normal (Figure 4A). The results showed that

deletion of the cba gene attenuates the pathogenicity of the SS9-P10 strain

in mice. In addition, the competitive infection test results showed that the

CI of SS9-P10:Dcba/SS9-P10 was 0.308, 0.061, and 0.004 at 24, 48, and 72
h respectively and that the CI gradually decreased over time, indicating

that the survival of SS9-P10:Dcba in mice was significantly inhibited by

SS9-P10 (Figure 4B). All the above experimental results demonstrating

that cba is a novel SS9-P10 virulence factor.
3.4 rCba subunit vaccine stimulates strong
antibody responses

IgG antibody levels were determined in the rCba immunized and

control group mice using indirect ELISA. After the first

immunization, there was a significant difference was noted between

the immunization and control groups (Figure 5). The antibody level

of the immunization group increased with the increase in

immunization days; especially, after the second immunization, the
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antibody levels increased rapidly. These finding indicate the highly

immunogenic nature of Cba protein.
3.5 Immunization of Cba recombinant
protein aggravated the pathogenic effect of
SS in mice

After two immunizations, all two groups showed significant clinical

signs 48 h after challenge with the SS9-P10 strain. During the next 14 days

of observation, the mortality rate of the mice in immunized group

increased rapidly, and no mice were left alive in the immunized group

on the 8th day, while the final survival rate of the control group was 50%

(4/8) (Figure 6A). Similar results were obtained in the repeated

experiment. Further results of bacterial load assays also showed that

rCba-immunized mice had higher bacterial loads in organs (Figure 6B)

and blood (Figure 6C) at 24 h after infection with SS9-P10 compared to

the non-immunized group.

Histopathological results revealed that the control mice showed

lesions in the following major organs after being challenged with SS9-
B CA

FIGURE 3

Virulence assessment in vitro. (A) Biofilm biomass was expressed as crystal violet optical density (OD540nm). (B) The adherence rate of SS9-P10 is
significantly higher than SS9-P10Dcba. (C) A total of 5.0×105 Raw264.7 cells were infected separately with the SS9-P10:Dcba, SS9-P10:CDcba or SS9-P10
at an MOI of 10:1 for 1 (h) CFUs of phagocytosed bacteria recovered from macrophages were examined. SS9-P10:Dcba were more susceptible to
phagocytosis, whereas SS9-P10:CDcba recovered the phenotype to the level of SS9-P10. Data are expressed as the mean ± SEM of three independent
experiments performed in triplicate (*P<0.05; **P<0.01; ***P<0.001; NSp>0.05 ***P<0.001).
BA

FIGURE 4

Virulence assessment in vivo. (A) Comparison of survival rates using the Log-rank (Mantel-Cox) test.Using a mouse model of infection, approximately 106

colony forming units (CFUs) of SS9-P10, SS9-P10:Dcba or SS9-P10:CDcba in 100 µL of sterile phosphate-buffered saline (PBS) was used to challenge a
group of mice via an intraperitoneal injection. Survival was observed daily for 12 days. The cba-expressing strains were more virulent than their cba-
deficient counterparts (SS9-P10 vs. SS9-10Dcba and SS9-P10:CDcba, n=8, *P < 0.05; **P <0.01; NSp>0.05). (B) Competilive index analysis between the
SS9-P10:Dcba and SS9-P10 in ICR mice. Data were analyzed with the Kruska-Wallis multiple comparison test (n = 8) and presented with mean ± SD
(***P<0.001).
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P10: The lung showed thickening of the pulmonary septum, capillary

congestion in the alveolar wall, and inflammatory cells and damaged

and detached epithelial cells in the alveolar lumen and bronchial

lumen; the liver showed marked steatosis and fused fat droplets, a

large number of inflammatory cell infiltration in the hepatic hilar

area, irregular arrangement of hepatic cord, swelling and necrosis of

hepatocytes, and disappearance of some hepatic sinusoids; the

kidneys showed major renal lesions with renal tubular necrosis,

detachment of tubular epithelial cells, and eosinophilic protein-like

material in the renal tubules; and SS infection results in splenic edema

with evident lymphocyte and reticulocyte damage, and reduced
Frontiers in Cellular and Infection Microbiology 07
volume of white pulp in the infected spleen. The above pathological

changes were more severe in the immunized group (Figure 6D).

Notably, the surviving mice of control group mice showed

neurological symptoms, while mice in immunized group showed

neurological symptoms at the early stage (Day 3) after the SS9-P10

strain challenge. This suggests that bacteria are more likely to cross

the blood-brain barrier of immunized mice and cause neurological

symptoms. Surprisingly, instead of protecting the mice, the

immunization aggravated the pathogenic effect of SS.
3.6 Specific antiserum of rCba increases
mortality in mice after challenge

In the antiserum-treated group, the first mouse died at 1 day-post-

infection with SS9-P10, and the mortality rate gradually increased over

time, with only one mouse surviving at 7 day-post-infection, and a final

survival rate of only 12.5%.The first deadmouse in the PBS-treated group

had a significantly delayed time compared to the antiserum-treated group

(at 48h after infection), and 4 out of 8 (50%)mice died within 5 day-post-

infection (Figure 7). The data suggest that serum from mice receiving

active immunization likewise failed to provide protection against SS9-P10

infection and increase mortality in mice challenged with SS9-P10.
4 Discussion

Many cell wall-anchoring proteins containing the LPxTG motif

are associated with bacterial pathogenicity in SS (Fittipaldi et al.,
FIGURE 5

Strong immune response induced by rCba in ICR mice. Serum
collected on days 7 d, 14 d, 21 d and 28 d after the first immunization.
The antiserum was diluted 100 times with PBST, the goat anti-mouse
IgG-HRP was diluted 1:12800, and the absorbance at OD450 nm was
measured by microplate reader. (***P < 0.001).
B C

D

A

FIGURE 6

Intramuscular immunization with rCba aggravated the pathogenic effect of SS in Mice. (A) Kaplan-Meier survival curves of immunized mice with SS9-P10
infection. Were monitored daily for 2 weeks. The statistical significance was analyzed by log-rank (Mantel-Cox) test (n=8, **P <0.01); bacterial loads in (B)
blood or (C) tissue homogenate of the heart, liver, kidney, lungs, and spleen at 24 h were determined via colony plate counting. (n=10, ** P <0.01,
***P<0.001); (D) Histopathological damage assessment of the lung, liver, spleen and kidney tissue of mice immunized with rCba and adjuvant after
challenge with SS9-P10. Fatty degeneration in the liver is indicated by a yellow arrow, and hepatocytes show obvious microvesicular steatosis with a
tendency to fuse similar to that in macrovesicular steatosis; hyperemia in the lung and liver is indicated by a red arrow, infiltration of inflammatory cells in
the lung and liver is indicated by a blue arrow; thickening of the lung interstitium is indicated by a green arrow; and necrosis in the liver, spleen, and
kidney is indicated by a black arrow.
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2012), such as SntA (Cabezas et al., 2022) Sao (Li et al., 2006),

adhesins (Li et al., 2015) ApuA (Ferrando et al., 2010) and SsnA

(Meurer et al., 2020). Therefore, we hypothesized that Cba containing

the LPxTG motif may also be involved in SS infection of the host.

Comparison of the cba gene sequences with the 123 SS whole genome

sequences published in the NCBI database showed that 28 SS strains

contained cba gene. The cba does not appear to be ubiquitous among

SS strains, but further analysis of the background information of the

28 SS strains revealed that 19 of them were isolated from clinical cases

in pigs or humans, and most of them (16 strains) showed varying

degrees of pathogenicity to animals and humans. Detailed

information on these strains see Table S1 in the supplemental

material. In parallel, we analyzed 56 SS strains(serotypes 2, 7, and

9)isolated from clinical cases preserved in our laboratory by PCR, and

their results (33/56) also confirmed the prevalence of the cba gene in

SS pathogenic strains.

In this study, although the presence or absence of cba did not

affect the growth characteristics of SS9-P10, knockout of cba gene

significantly reduced biofilm formation in strain, adhesion to host

cells, phagocytic resistance to macrophages, and pathogenicity of the

strain in mice, and all these virulence characterizations of bacteria

both in vivo and in vitro was restored in the gene-deleted

complementary strain. In addition, we compared the virulence of

SS9-P10:Dcba to that of the SS9-P10 in a competitive infection assay

in mice. The results showed that much higher numbers of SS9-P10

were reisolated from the peripheral blood of mice compared to the

numbers of SS9-P10:Dcba, indicating that the mutant strain was

attenuated in vivo. Based on these results, we hypothesize that Cba

is a novel virulence factor in SS.

More than 40 protein candidates have been shown to induce

either protective antibodies (through in vitro opsonophagocytosis

tests) or protection after in vivo challenge (Segura, 2015; Fu et al.,

2016; Brockmeier et al., 2018; Feng et al., 2018). Which contains

virulence-associated factors such as EF, MRP, SLY and enolase

(Wisselink et al., 2001; Esgleas et al., 2009; Segura, 2015) etc.

However, the protective efficacy of high levels of antibodies against

these proteins remains controversial (Segura, 2015). In fact, a

discrepancy between the antibody response and protection has been
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reported for some other surface antigens of gram-positive bacteria,

such as a fibronectin binding protein (Sfb1) of Streptococcus pyogenes

(McArthur et al., 2004), pneumococcal surface protein A (PspA)

(Miyaji et al., 2002) and streptococcal lipoprotein rotamase A (SlrA)

of Streptococcus pneumoniae (Hermans et al., 2006). This indicating

that protective antigens and virulence factors are not necessarily

synonymous. However, based on the fact that cell wall-anchored

proteins show good target accessibility, we believe that Cba still has

potential as a protective antigen for subunit vaccines. Therefore, we

evaluated the potential of rCba as a vaccine candidate with the

challenge protection experiments. The results showed that rCba was

able to induce a strong immune response, but immunization with

rCba protein instead of producing protection against mice but

enhancing the lethality of mice challenged with SS9-P10. The

bacterial load of mouse tissues and blood as well as the

histopathological evaluation results also further confirmed that

immunization with rCba aggravates the infection of SS in mice. The

pathological condition of SS-infected mice deteriorates after

immunization with rCba may be the major cause of mortality in

mice. Similarly, rCba antigen-specific serum is not protective but

increased the mortality rate in mice. These phenomena are similar to

those of other bacteria and is known as antibody-dependent

enhancement (ADE) (Griffin, 1980; Michl et al., 1983; Astry and

Jakab, 1984; Halstead et al., 2010). In addition, it should be noted that

we found that even when we increased the challenge concentration of

SS9-P10 from approximately 1 × 106 CFU/mouse to approximately

1 × 107 CFU/mouse, the control mice in the active and passive

immunization experiments were not all killed. This is inconsistent

with the results of previous pathogenicity analysis of SS9-P10 in mice.

We speculate that this is probably mainly due to the resistance of the

heavier mice being more resistant to the disease (mice were 2–3 weeks

old and weighed 21–22 g at the time of first immunization and 8–9

weeks old and weighed 31–33 g when challenged with SS9-P10 after

the last immunization).

Specific antibodies prevent extracellular pathogenic microorganisms

from harming the health of host. However, owing to co-evolution with

their hosts, pathogenic microorganisms have evolved mechanisms to

counteract the specific immunity of their hosts, such as hiding relevant

binding sites and degrading antibodies (Scherler et al., 2018). Some

pathogenic microorganisms can also enhance their ability to invade

organisms through antibodies produced by specific mechanisms (Wang

et al., 2019) in a phenomenon known as ADE. Currently, there are only a

few reports of antibody-enhanced bacterial infections and diseases that

support this phenomenon by a mechanism different from viral ADE

(Torres et al., 2021). Mechanisms of bacterial ADE include: 1) antibody-

mediated serum resistance, 2) virulence enhancement by antibody

proteolysis, 3) Antibody-enhanced adhesion, and mediated protection

from phagocytosis. However, the potential mechanism of immune rCba-

induced ADE production needs to be further investigated.

In conclusion, the surface-anchored protein Cba of SS is a novel

virulence factor which is prevalent in pathogenic SS. Although

inoculation with rCba was able to produce a strong immune

response, the rCba-specific immune response did not mediated

protective effects, but increased the pathogenicity of SS in mice.

This phenomenon is similar to ADE in bacteria. Therefore, the

potential of Cba as a vaccine candidate remains to be

further determined.
FIGURE 7

Intraperitoneal injection of antiserum improves death rate in challenge
SS9-P10. Kaplan-Meier survival curves of immunized mice with SS9-
P10 infection. Were monitored daily for 2 weeks. The statistical
significance was analyzed by log-rank (Mantel-Cox) test (n=8,
*P <0.05).
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