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Characterization and Identification of a Novel Candidate Vaccine
Protein through Systematic Analysis of Extracellular Proteins of
Erysipelothrix rhusiopathiae
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Erysipelothrix rhusiopathiae, the causative agent of swine erysipelas, is a facultative intracellular Gram-positive bacterium. It
has been shown that animals immunized with a filtrate from E. rhusiopathiae cultures are protected against lethal challenge. In
this study, we identified and characterized the extracellular proteins of E. rhusiopathiae to search for novel vaccine antigens. A
concentrated culture supernatant from the E. rhusiopathiae Fujisawa strain, which has been found to induce protection in mice,
was analyzed using two-dimensional electrophoresis. From more than 40 confirmed protein spots, 16 major protein spots were
selected and subjected to N-terminal amino acid sequence determination, and 14 protein spots were successfully identified. The
identified proteins included housekeeping proteins and other metabolic enzymes. We searched for surface-localized proteins by
analyzing the genomes of two E. rhusiopathiae strains: Fujisawa and ATCC 19414. Genome analysis revealed that the ATCC
19414 strain has three putative surface-exposed choline-binding proteins (CBPs): CbpA, CbpB, and CbpC. Each CBP contains a
putative choline-binding domain. The CbpC gene is mutated in Fujisawa, becoming a nonfunctional pseudogene. Immunogold
electron microscopy confirmed that CbpA and CbpB, as well as the majority of the metabolic enzymes examined, are associated
with the cell surface of E. rhusiopathiae Fujisawa. Immunization with recombinant CbpB, but not with other recombinant CBPs
or metabolic enzymes, protected mice against lethal challenge. A phagocytosis assay revealed that antiserum against CbpB pro-
moted opsonin-mediated phagocytosis by murine macrophages in vitro. The protective capabilities of CbpB were confirmed in

pigs, suggesting that CbpB could be used as a vaccine antigen.

he Gram-positive, non-spore-forming, rod-shaped bacterium

Erysipelothrix rhusiopathiae represents a new class, Erysipelo-
trichia, in the phylum Firmicutes. E. rhusiopathiae has been re-
ferred to as the “walled relative” of mycoplasma (1), and E. rhu-
siopathiae is phylogenetically close to Mollicutes (a class that
includes the genus Mycoplasma); the genomic features of this or-
ganism represent evolutionary traits of both Firmicutes and Mol-
licutes (2, 3).

E. rhusiopathiae is ubiquitous in nature and has been isolated from
many species of wild and domestic mammals, birds, reptiles, am-
phibians, and fish (4). E. rhusiopathiae is generally regarded as an
opportunistic animal pathogen that causes a variety of diseases in
several species of mammals and birds (4). In swine, E. rhusiopathiae
can cause erysipelas, which may present as acute septicemia or
chronic endocarditis and polyarthritis, resulting in great economic
losses to the swine industry (4). Live attenuated vaccines and bacte-
rins have long been used successfully to control swine erysipelas (4).
However, the high incidence of swine erysipelas is still a concern for
the pork industry worldwide (5-8); therefore, the development of
new and more effective vaccines is desired.

In Gram-positive bacteria, secreted and cell surface proteins
play a fundamental role in pathogenesis, and they may be good
targets for vaccine development (9). In many cases, these surface
proteins are covalently anchored to peptidoglycan by the LPXTG
motif and interact with components of the host extracellular ma-
trix to adhere to, colonize, and invade cells and tissues (10). In
other cases, surface proteins, including Streptococcus pneumoniae
choline-binding proteins (CBPs) such as PspA and CbpB, contain
tandem repeats beginning with the dipeptide Gly-Trp (GW re-
peat) at their C termini. S. pneumoniae possesses 10 to 15 different
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CBPs, and the GW repeat binds to teichoic acid or lipoteichoic
acid (LTA) polymers in the cell wall (11-16). There is also a family
of cell surface adhesins and invasins of Gram-positive bacteria that
do not possess a signal peptide or a peptidoglycan anchor (17, 18).
Glycolytic enzymes, including glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and an enolase, which are generally located
in the cytosol and do not possess a signal sequence or a peptidogly-
can anchor, are located on the surface of Streptococcus pyogenes.
These glycolytic enzymes either bind to host components, such as
fibronectin and plasminogen, or interact directly with the host
cells, thereby enabling pathogens to colonize and invade the host
tissue (19, 20). These enzymes are present on the surfaces of nearly
all Streptococcus species and other Gram-positive bacteria, indicat-
ing that these anchorless housekeeping enzymes can associate
with the cell surface after their secretion (17, 18, 21).

Our recent analysis of the genome of E. rhusiopathiae suggested
that this bacterium might have an atypical cell wall. E. rhusio-
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pathiae lacks many orthologous genes for the biosynthesis of wall
teichoic acids (WTA) and LTA, as well as the dlitABCD operon,
which is responsible for the incorporation of D-alanine into WTA
and LTA (2). Furthermore, recent analysis of the capsular poly-
saccharide of E. rhusiopathiae indicated that this bacterium indeed
has a complex, heterogeneous capsule that is modified by phos-
phocholine (22). The same study also suggested that there could
be some overlap between the biosynthesis pathways of capsular
polysaccharides and other cell wall components, including WTA
and/or LTA (22). Thus, in addition to its unique phylogenetic
position as a member of the Firmicutes, it appears that the cell wall
structure of E. rhusiopathiae may also be unique among Gram-
positive bacteria.

Irrespective of the above-mentioned findings, the surface dis-
play mechanisms of E. rhusiopathiae proteins appear to be similar
to those of proteins from other Gram-positive bacteria. The E.
rhusiopathiae strain Fujisawa possesses at least 24 surface proteins
that contain either an LPXTG motif or a GW repeat (2). Protective
antigens are present in E. rhusiopathiae culture supernatants (23—
27); however, the nature of these protective antigens is entirely
unknown. Thus far, only a few protective antigens have been iden-
tified. A 64- to 66-kDa protein found in Triton X-100 extracts of
bacterial antigens and whole-cell lysates has been reported to in-
duce partial protection in mice (28). However, surface localiza-
tion of this protein was not demonstrated. Two surface-localized
proteins, surface protective antigen (Spa) (29, 30) and rhusio-
pathiae surface protein A (RspA) (31), have been shown to func-
tion as protective antigens, and these proteins have been detected
in supernatants (30, 31).

Although several extracellular proteins produced by E. rhusio-
pathiae have been characterized, there has been no systematic
analysis of the proteins in culture supernatants from this organ-
ism. Thus, it is unclear whether the culture supernatant proteins
of E. rhusiopathiae are similar to those of other Gram-positive
bacteria or whether the supernatants contain other, unknown
protective antigens.

In this study, we systematically analyzed the culture superna-
tant proteins of E. rhusiopathiae. To identify protein antigens in
the culture supernatant, we employed a proteomic approach us-
ing two-dimensional (2-D) gel electrophoresis and N-terminal
amino acid sequencing. We also examined the putative CBPs
identified by genome analysis of E. rhusiopathiae strain Fujisawa
(serotype la) and E. rhusiopathiae strain ATCC 19414 (serotype
2). We examined the surface association of the extracellular pro-
teins by immunogold electron microscopy and further analyzed
the protective capacities of the proteins in mice and pigs.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The wild-type E. rhusiopathiae
strain Fujisawa (serotype la), originally isolated from a septicemic pig,
and the E. rhusiopathiae type strain, ATCC 19414 (serotype 2), were used.
The bacteria were grown either in brain heart infusion (BHI; Difco Lab-
oratories, Detroit, MI) containing 0.1% Tween 80 (pH 7.6) (BHI-T80) or
in the dialyzable components of BHI-T80 medium (see below). Esche-
richia coli M15 (Qiagen GmbH, Hilden, Germany) was grown in Luria-
Bertani medium. When appropriate, the medium was supplemented with
ampicillin (100 pg/ml), kanamycin (50 pg/ml), or isopropyl-p-p-thioga-
lactopyranoside (IPTG) (1 mM).

Identification of secreted proteins. (i) Preparation of supernatant
samples. To exclude macromolecules derived from the medium and
Tween 80 micelles, E. rhusiopathiae strain Fujisawa was grown at 37°C for
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16 h in the dialyzable components of BHI-T80 medium, from which
macromolecules with molecular masses of more than 14,000 Da and
Tween 80 micelles were filtered out using a cellulose membrane (mo-
lecular weight cutoff [MWCO], 14,000) as previously described (32).
After centrifugation of the overnight culture, the supernatant was
passed through 0.45-pum-pore-size membrane filters and dialyzed
against phosphate-buffered saline (PBS) at 4°C. The supernatant was
concentrated using a Vivaspin 20 device (MWCO, 10,000; Sartorius
Stedim Biotech, Gottingen, Germany), and the proteins were purified
with a cleanup kit (Bio-Rad Laboratories, Hercules, CA). The purified
proteins were dissolved in a rehydration buffer and used for 2-D gel
electrophoresis. As a control, the dialyzable components of BHI-T80
were concentrated, and the proteins were purified with the cleanup kit.
The protein concentration was determined with a bicinchoninic acid
(BCA) protein assay kit (Thermo Scientific, Rockford, IL).

(ii) 2-D gel electrophoresis analysis. The protein sample (185 pl, 200
pg) and an equivalent amount of control sample were applied to a rehy-
dration equilibration tray (Bio-Rad, Hercules, CA) onto which an IPG
strip (11 cm, pI 4 to 7) was laid. The tray was fixed on a Protean IEF cell
(Bio-Rad), and isoelectric focusing (IEF) gel electrophoresis was per-
formed. The strips were rehydrated overnight and focused with a program
of 250 V for 15 min followed by 8,000 V for 35,000 V-h, with a current
limit of 50 wA. After IEF gel electrophoresis, the strips were reduced and
equilibrated with equilibration buffers I and II (Bio-Rad), which con-
tained dithiothreitol and iodoacetamide, respectively, for 15 min. The
strips were then subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with 4% stacking and 12.5% resolving Tris-
HCI gels (Bio-Rad). The proteins were transferred to polyvinylidene di-
fluoride membranes (Immobilon-P; Millipore, Bedford, MA), which
were then stained with Coomassie brilliant blue (CBB) R-250 (Nacalai
Tesque, Kyoto, Japan) and destained with water containing 25% metha-
nol and 7% acetic acid. The protein spots were excised from the mem-
brane and subjected to N-terminal amino acid sequence analysis.

(iii) N-terminal amino acid sequence analysis. The N-terminal
amino acid sequence was analyzed with a Procise 491 HT automated
protein sequencer (Applied Biosystems, Foster City, CA), and the five
N-terminal amino acids were sequenced using the Edman degradation
method. The protein was first incubated with phenylisothiocyanate. After
cleavage of each successive N-terminal amino acid, the anilinothiazolin-
one derivative formed was converted to the more stable phenylthiohydan-
toin (PTH) derivative. The PTH derivatives were separated by online
reverse-phase high-performance liquid chromatography using a C,4 col-
umn with solvents supplied by the manufacturer and were identified by
comparison with the PTH-amino acid standards. After the N-terminal
amino acid sequences were obtained, the corresponding putative genes in
the E. rhusiopathiae Fujisawa genome (accession no. AP012027) (2) were
identified using in silico Molecular Cloning Genomics Edition software
(33) (In Silico Biology, Yokohama, Japan), and their nucleotide sequences
were determined.

Identification of putative CBPs by E. rhusiopathiae genome analy-
sis. The genome sequence of the E. rhusiopathiae type strain, i.e., ATCC 19414
(serotype 2), which consists of four large contigs (accession no. ACLK
00000000.2), was obtained from the National Center for Biotechnology
Information (NCBI) database (http://www.ncbinlm.nih.gov/genomes
/MICROBES/microbial_taxtree.html) and compared to the sequence of
Fujisawa (accession no. AP012027) (2). ATCC 19414 strain-specific cod-
ing sequences (CDS) with a putative choline-binding domain (the GW
module) at the C terminus were identified.

Cloning, expression, and purification of recombinant proteins. Re-
combinant proteins were expressed and purified as previously described
(30). Briefly, genomic DNA from the Fujisawa strain was PCR amplified
with the KOD FX polymerase (Toyobo, Osaka, Japan) and the primers
shown in Table 1. The PCR products were digested with restriction en-
zymes and cloned into a pQE-30 expression vector (Qiagen Inc., Santa
Clarita, CA) that had been predigested with the same enzymes (Table 1).

Infection and Immunity


http://www.ncbi.nlm.nih.gov/nuccore?term=AP012027
http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.html
http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.html
http://www.ncbi.nlm.nih.gov/nuccore?term=AP012027
http://iai.asm.org

TABLE 1 Primers used in this study

Protein target Primer sequence (5'-3")"

GroEL cgcggatccATGGCTAAAGATGTACGTTAT
cccaagctt TTAATACATTGGCGGCATTTC
FBA cgcggatccATGGCATTAGTATCAGCTAAA
aactgcagTTAAGCTTGGTTAGCTGAACCC
TPI cgcggatccATGAGAAAACCGATTATCTTT
cccaagctt TTATTTAATTGCATCGATGAT
PGP cgcggatccATGAAAGTTTTAATTACAGGT
acgegtcgac T TAGCTGATTGCGCCACCTT
GAPDH cgcggatcc ATGACAGTTAAAGTAGCAATT
cccaagctt TTAGAATTTTGAAGCAACGTA
IMPDH cgcggatcc ATGATGAATGGTAAAGTAATT
acgegtcgacTTATTTGCCATGATAATTTG
LysA cgcggatccATGAATCTGAAAGAACTGTGT
cccaagctt TTATTTCTCCTTAACTGAATT
CbpA cgggatccTTTGAAGAACCGGATGCATCAT
cccaagctt TTAAAGCATACGACCTGAACG
CbpB cccgagctcGAGGAGCGAAAACCGAGAGAA
cccaagctt CTATTTTTTTAGTGCTCCTTG
CbpC cgggatccCAAGAACTAAAACAAGCAGAAC

aactgcagTTATAACCAGACCCCACTCTGA

@ Lowercase letters indicate the linker containing a restriction enzyme site for cloning.

The constructs were transformed into E. coli M15 cells by electroporation,
and positive clones were confirmed by sequencing. Histidine (His)-tagged
recombinant protein was purified with a QIAexpress kit (Qiagen Inc.,
Valencia, CA) according to the manufacturer’s protocol. The fractions
containing recombinant protein were pooled, dialyzed with PBS at 4°C,
and subsequently used for immunization. The purified protein concen-
tration was determined using a Pierce BCA protein assay Kkit.

ELISA. The antibody response in the animals was examined by an
enzyme-linked immunosorbent assay (ELISA) with recombinant pro-
teins as described previously (34). Briefly, recombinant proteins were di-
luted to 10 pg/ml in carbonate buffer (pH 9.6) and used to coat the wells
of polystyrene plates (100 pl/well). Mouse and pig sera were diluted 1:100
in PBS, and the bound antibodies were detected with horseradish perox-
idase-conjugated goat anti-mouse or rabbit anti-pig IgG (Zymed Labora-
tories). Sera from animals immunized with PBS containing adjuvant were
used as negative controls.

Confirmation of surface expression. For immunogold electron mi-
croscopy, samples were collected 6 h and 16 h after culture initiation. The
bacteria were placed on Formvar-coated nickel grids (400 mesh; Nisshin,
Tokyo, Japan) and washed with PBS. The grids were then incubated with
antisera (diluted 1:100 in PBS), followed by incubation with 10-nm col-
loidal gold-conjugated goat anti-mouse immunoglobulins (IgG, IgM, and
IgA) (BB International, Cardiff, United Kingdom). The grids were washed
with PBS, incubated with 1% ammonium acetate solution for 10 min, and
air dried. The dried grids were observed with a transmission electron
microscope (model H-7500; Hitachi, Japan). Grids that had been incu-
bated with PBS and with antiserum against recombinant SpaA were in-
cluded as negative and positive controls, respectively.

Animal experiments. All animal experiments in this study were per-
formed according to the regulations and guidelines of the Animal Ethics
Committee of the National Institute of Animal Health, Tsukuba, Ibaraki,
Japan.
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To examine the immunogenicity of the recombinant proteins (seven
supernatant proteins and three putative CBPs), 10 groups of eight 6- to
8-week-old female BALB/c mice (Japan SLC, Inc., Hamamatsu, Japan)
were immunized with each recombinant protein (see Fig. S1 in the sup-
plemental material). Each mouse was injected twice (once subcutaneously
[s.c.] and once intramuscularly [i.m.]) with 100 pl (3.6 pg) of each re-
combinant protein sample, containing 10% Polygen adjuvant (MVP Lab-
oratories, Inc., Omaha, NE). Eight mice were injected with PBS contain-
ing the adjuvant as a control. After 2 weeks, the mice were boosted at the
same injection sites with the same dose of the same protein sample. One
week after boosting, blood was collected from each mouse, and the pooled
sera were assayed for an antibody response by Western blotting (see Fig.
S1). After 3 days, for a preliminary vaccine potency trial, these mice were
challenged s.c. with 0.1 ml of a bacterial suspension containing 10> CFU
(approximately 100 times the 50% lethal dose [LDs,]) of Fujisawa and
observed for death (see Table S1).

To examine the vaccine efficacy of CbpB, which has been found to
exhibit a potential protective capability (see Table S1 in the supplemental
material), a group of 10 6- to 8-week-old female BALB/c mice were im-
munized i.m. with approximately 10 times the previous dose of recombi-
nant CbpB protein (30 pg) emulsified in Freund’s complete adjuvant.
After 2 weeks, the mice received an i.m. booster of the same protein (30
pg) emulsified in Freund’s incomplete adjuvant. As negative controls, two
groups of 10 mice each were inoculated with PBS or CbpA, both of which
were emulsified in Freund’s adjuvant. Seven days later, blood was col-
lected from each mouse. Then, after 3 days, the mice were challenged s.c.
with 3.5 X 10> CFU of the Fujisawa strain and observed for 17 days for
clinical symptoms or death. The collected blood samples were subjected to
antibody response analysis via ELISA, using the recombinant proteins as
antigens.

The vaccine efficacy of CbpB was further examined in germfree piglets
obtained through caesarian section. Seven 2-week-old piglets were immu-
nized i.m. with 1 mg of recombinant CbpB protein emulsified in Freund’s
complete adjuvant. As a control, three piglets were inoculated with PBS
emulsified in Freund’s complete adjuvant. After 2 weeks, the piglets were
given an i.m. booster of 1 mg of the same protein or PBS, both of which
were emulsified in Freund’s incomplete adjuvant. Seven days later, the
piglets were challenged i.m. with 3.8 X 107 CFU of the Fujisawa strain and
were observed for 10 days for death or clinical symptoms.

pl
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FIG 1 Two-dimensional gel electrophoresis profile of the secreted proteins of
E. rhusiopathiae. The sample was prepared from a supernatant of the E. rhu-
siopathiae Fujisawa strain that was cultured at 37°C for 16 h in dialyzable
components of BHI-T80 medium. The spots labeled with Arabic numerals
were selected for N-terminal amino acid sequencing. Arrowheads indicate the
spots whose amino-terminal sequences were not determined by Edman deg-
radation. The positions of the protein molecular mass standards (kDa) are
shown to the left.
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TABLE 2 Proteins identified in the culture supernatant of E. rhusiopathiae Fujisawa

N-terminal amino pl/molecular

Spot no. acid sequence Locus tag Identical or homologous protein mass (kDa)
1 AKDVR ERH_1267 Chaperonin GroEL 4.56/58.4

2 ALVSA ERH_1632 Fructose-1,6-bisphosphate aldolase, class IT (FBA) 4.73/30.3

4 MRKPI ERH_1335 Triosephosphate isomerase (TPI) 4.59/26.9

5 MNLLI ERH_1152 Adenylate kinases (AK) 4.70/24.4

8 MKVLI ERH_0382 Type I pyroglutamyl-peptidase (PGP) 5.00/23.1
11 TVKVA ERH_1534 Glyceraldehyde-3-phosphate dehydrogenase, type I (GAPDH) 5.32/35.5
12 TVKVA ERH_1534 Glyceraldehyde-3-phosphate dehydrogenase, type I (GAPDH) 5.32/35.5
13 MMNGK ERH_1297 Inosine-5'-monophosphate dehydrogenase (IMPDH) 5.52/39.5
14 AQVKK ERH_0438 Pyruvate dehydrogenase complex E1 component, a-subunit (PDHa) 5.34/41.6
24 MNLKE ERH_0207 Diaminopimelate decarboxylase (LysA) 5.87/44.5%
25 ALVSA ERH_1632 Fructose-1,6-bisphosphate aldolase, class IT (FBA) 4.73/30.3
31 DANVD ERH_1662 3D domain-containing hypothetical protein 4.49/28.7°
32 MQSII ERH_0644 Ribosome recycling factor 4.68/20.2
33 LTLRA ERH_0928 Hypothetical protein 5.127/19.6

“ The molecular mass of the protein observed in the 2-D gel was lower than the predicted value shown in the table.
b The isoelectric point of the protein observed in the 2-D gel was higher than the predicted value shown in the table.

Phagocytosis assay. A phagocytosis assay was performed essentially as
described previously (35), except that the murine macrophage-like J774.1
cell line was used. Briefly, 90-l bacterial suspensions containing 10” CFU
of Fujisawa in PBS were sensitized for 10 min by incubation with 10 pl
normal serum or immune serum from mice immunized with recombi-
nant CbpB. Subsequently, the suspensions were incubated with rotation
at 37°C for 60 min with murine macrophage-like J774.1 cells (10°).
Phagocytosis was stopped by shaking the tubes in ice water; uningested
bacteria were removed by washing four times with cold PBS. The cells
were resuspended in cold PBS, and cytospin smears were prepared, Gram
stained, and examined by light microscopy under oil immersion. The
experiment was repeated three times, and the results are expressed as the
phagocytosis index, which is defined as the percentage of bacterium-in-
gesting macrophages times the average number of bacteria in a macro-
phage times 100.

Statistical analysis. Statistical significance was determined by Stu-
dent’s unpaired t test. For the vaccine studies, the mortality/survival pro-
files for each infected group were plotted and analyzed via the log rank
test, using GraphPad Prism 5 software.

RESULTS

Identification of E. rhusiopathiae extracellular proteins. (i) Cul-
ture supernatant proteins. It has been shown that a protective
antigen(s) is present in the culture filtrate from the attenuated E.
rhusiopathiae strain Koganei 65-0.15 (serotype 1a) (23). We con-
firmed that a 10-fold-concentrated culture supernatant from the
Fujisawa strain could confer partial protection in mice (unpub-
lished result). In a preliminary experiment, we determined that all
control mice (n = 3) inoculated with PBS with Freund’s adjuvant
died within 3 days of challenge, whereas all mice (n = 8) immu-
nized with the 30-fold-concentrated culture supernatant from the
Fujisawa strain with Freund’s adjuvant survived for 14 days after
lethal challenge with 2.6 X 10> CFU of the homologous strain
(P < 0.01) (data not shown). The protective antigens SpaA and
RspA have been detected in supernatants of the Fujisawa strain
(30, 31); however, it is unknown whether additional protective
antigens are present in the supernatant.

To search for supernatant proteins with potential protective
capabilities, E. rhusiopathiae Fujisawa was grown to stationary
phase, and a 2-D protein profile of the culture supernatant was
analyzed. No protein spots were observed for the control, which
consisted of concentrated dialyzable components of BHI-T80
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(data not shown). In the culture supernatant from E. rhusio-
pathiae Fujisawa, approximately 40 protein spots were detected
(Fig. 1); among these, 16 major protein spots were selected, and
their N-terminal amino acid sequences were determined. Two
pairs of protein spots (spots 2 and 25 and spots 11 and 12) were
revealed to have the same sequences and similar masses but dif-
ferent isoelectric points in the 2-D gel, suggesting that they were
charge variants. The N-terminal amino acid sequence data were
used to query the Fujisawa genome database. Fourteen of the 16
amino acid sequences were 100% identical to the inferred se-
quences of open reading frames (ORFs) present in the Fujisawa
genome sequence (Table 2). Amino acid sequence analysis re-
vealed that the supernatant included several housekeeping glyco-
lytic enzymes, including class II fructose-1,6-bisphosphate aldo-
lase (FBA), triosephosphate isomerase (TPI), and GAPDH. The
supernatant also contained other metabolic enzymes, including
the pyruvate dehydrogenase complex E1 component a-subunit
(PDHa), which is involved in the conversion of pyruvate to
acetyl-coenzyme A (acetyl-CoA), as well as adenylate kinase (AK)

sor Mg
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FIG 2 Schematic representation of the domain structures of CBPs of E. rhu-
siopathiae Fujisawa. The signal sequence and choline-binding domain are in-
dicated by black and gray boxes, respectively. Arrows indicate the regions of
the recombinant proteins constructed. CbpC of Fujisawa is truncated by a
frameshift mutation from a single nucleotide deletion (asterisk) in cbpC, and
therefore, the schematic of CbpC is depicted as if it has no mutation. Numbers
indicate the positions of amino acids.

CbpC N-I
1 34
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Control (16 h)

TPI (16 h)

“-
i,

PGP (16 h) GAPDH (16 h)
IMPDH (16 h) PDHa (16 h)

CbpA (6 h) CbpB (6 h)
CbpC (6'h) SpaA (6 h)

FIG 3 Immunogold electron microscopy analysis of the surface association of extracellular proteins of E. rhusiopathiae Fujisawa. E. rhusiopathiae Fujisawa was
collected 6 h and 16 h after culture initiation. The bacteria were incubated with antisera, followed by incubation with 10-nm-diameter colloidal gold-conjugated
goat anti-mouse immunoglobulin. Bacteria incubated with antiserum against recombinant SpaA and with PBS were included as positive and negative controls,
respectively. Numbers in parentheses indicate the time of collection after culture initiation. Bars = 500 nm.

and inosine-5’-monophosphate dehydrogenase (IMPDH), both
of which are involved in purine metabolism. Other proteins iden-
tified in the supernatant included the chaperonin GroEL, ribo-
somal recycling factor, diaminopimelate decarboxylase (LysA),
and type I pyroglutamyl-peptidase (PGP).

(ii) Putative choline-binding proteins. We searched for sur-
face-localized proteins and proteins containing the GW module
encoded in the genome sequences of E. rhusiopathiae Fujisawa
(serotype la) and ATCC 19414 (serotype 2). In the Fujisawa
strain, we identified CbpA (ERH_0407), which contains a GW
module at the N and C termini, and CbpB (ERH_0768), which
contains a GW module at the C terminus (Fig. 2), in addition to
SpaA (ERH_0094), which is the major protective antigen of the
organism (29, 30, 36) and also contains a GW module at the C
terminus. In ATCC 19414, an additional protein (designated
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CbpC) was identified. CbpC contains a GW module at its C ter-
minus and was truncated in Fujisawa (ERH_0738) due to a frame-
shift mutation. PCR and sequencing analyses confirmed that the
CbpC gene was also functional in the Koganei 65-0.15 strain (se-
rotype la), which is the vaccine strain in Japan (data not shown).

Recombinant extracellular proteins and their immunoge-
nicity in mice. A His tag expression system was used to express the
recombinant extracellular proteins of E. rhusiopathiae in E. coli.
We selected nine secreted proteins that were abundant in the su-
pernatant, as well as three CBPs, and cloned the corresponding
genes into E. coli. Of the nine secreted proteins, we confirmed the
expression of seven proteins; however, the expression of the other
two proteins (PDHa and a hypothetical protein [ERH_0928]) was
unsuccessful. The seven recombinant supernatant proteins and
the three putative CBPs were purified and separated by SDS-
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FIG 4 ELISA detection of anti-CBP IgG antibodies in the sera of mice inoculated with recombinant CbpB (A) and CbpA (B). The results are expressed
as means with standard deviations for the control (n = 10) and CBP-vaccinated (n = 10) mice. *, P < 0.01. OD,5,, optical density at 450 nm.

PAGE (see Fig. S1 in the supplemental material). To examine the
immunogenicity of the extracellular proteins, we immunized
mice with two 3.6-g doses of the recombinant proteins, given 2
weeks apart, and the antibody responses to the proteins were an-
alyzed by Western blotting. With the exception of GroEL, all the
recombinant culture supernatant proteins and CBPs were con-
firmed to be immunogenic in mice (see Fig. S1).

Surface expression analysis by immunogold electron mi-
croscopy and dot immunoblotting. In Gram-positive bacteria,
glycolytic enzymes secreted into the supernatant can reassociate
with the cell surface after secretion (17, 18, 21). Immunogold elec-
tron microscopy confirmed that a majority of the supernatant
proteins, with the exception of FBA, were indeed localized on the
cell surface of the Fujisawa strain (Fig. 3). For FBA, which was
detected as a major spot in the 2-D protein profile (Fig. 1), gold
particles were often observed at the cell division site; however,
peripheral localization was not demonstrated (Fig. 3). Further-
more, CbpA and CbpB were located on the cell surface of Fu-
jisawa, as was SpaA. CbpC was dispersed, although some gold
particles remained on the cell surface (Fig. 3). Using dot immu-
noblotting, we observed the presence of CbpB on the cell surface
of ATCC 19414 and Fujisawa cells, and we found that the CbpB
signal was much stronger in ATCC 19414 than in Fujisawa (data
not shown). CbpA was detected in both strains. As expected,
CbpC, which is truncated in Fujisawa due to a frameshift muta-
tion, was barely detected in that strain (data not shown).

Protection experiments in animals. We found that the mice
immunized with either the culture supernatant proteins, CbpA, or
truncated CbpC died within 5 days, as did the control mice. The
mean time to death was significantly prolonged only for the mice
immunized with CbpB (see Table S1 in the supplemental mate-
rial).

To further examine the potential of CbpB as a vaccine antigen,
mouse protection assays were performed. Ten mice were immu-
nized with two 30-pg doses of recombinant CbpB each, and two
additional groups of 10 mice were immunized with recombinant
CbpA or PBS as negative controls. The mice immunized with
CbpB developed IgG antibodies against CbpB; however, the IgG
responses to CbpA were low and variable (Fig. 4). After a challenge
infection with 3.5 X 10* CFU (approximately 10 times the 50%
lethal dose) of the Fujisawa strain, two mice immunized with
CbpB showed clinical symptoms, such as depression, and died.

4338 iai.asm.org

However, the other 8 mice survived, with no clinical symptoms.
Mice immunized with CbpA or PBS died within 4 days after the
challenge infection (P < 0.01 compared with CbpB group) (Fig.
5). Sera obtained from the CbpB-immunized mice promoted the
phagocytosis of E. rhusiopathiae by murine macrophages (Fig. 6).
This result strongly suggests that the anti-CbpB antibodies act as
opsonins, similar to the antibodies against SpaA, which is a major
protective antigen of E. rhusiopathiae (30, 36).

The efficacy of CbpB as a vaccine antigen was further con-
firmed in pigs. All piglets in the control group (n = 3) died within
2 days following the challenge inoculation. In the immunized
group (n = 7), one piglet died on day 3 after the challenge inocu-
lation; however, the remaining piglets, including one piglet that
developed systemic urticarial lesions, survived (P < 0.01). We
confirmed that IgG antibodies were produced in the CbpB-vacci-
nated piglets at the time of the challenge inoculation (Fig. 7). We
detected high levels of anti-CbpB IgG antibodies in convalescent-
phase serum samples from nonvaccinated pigs that were naturally
infected with E. rhusiopathiae (see Fig. S2 in the supplemental
material). Taken together, these results suggest that CbpB is an
immunodominant antigen generated by E. rhusiopathiae during
the course of infection in pigs.

=&—Control
=& CbpB
=3=CbpA

Survival rate (%)

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17
Day after challenge inoculation

FIG 5 Survival of CBP-immunized mice after challenge with E. rhusiopathiae
Fujisawa. Mice were immunized with two doses of CbpA, CbpB, or PBS and
were challenged with 10 LDs, of Fujisawa 1 week after the final vaccination.
Results are plotted as percent survival for each vaccination group (n = 10 mice
per group).
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FIG 6 Phagocytosis by murine macrophage-like J774.1 cells of E. rhusio-
pathiae treated with normal sera (A) or antisera against CbpB (B). A suspen-
sion of J774.1 cells (10°) was incubated with strain Fujisawa (10" CFU) under
rotation at 37°C for 60 min. After removing uningested bacteria by washes,
cytospin smears were prepared, Gram stained, and examined by light micros-
copy. (C) Results of phagocytosis assays. Results are expressed as mean phago-
cytic indexes (for three independent experiments) with standard deviations. *,
P <0.01.

DISCUSSION

In the present work, we investigated the immunogenicity, protec-
tive capability, and surface association of the extracellular proteins
of E. rhusiopathiae.

The major protective antigen of E. rhusiopathiae is SpaA, which
is a putative CBP (29, 30). Its precise function and its role in
virulence have yet to be clarified; however, the importance of SpaA
as an opsonin-inducing protective antigen is well known (30, 36).
In this study, we found that an additional CBP, designated CbpB,
is a novel protective antigen of E. rhusiopathiae. A phagocytosis
assay confirmed that CbpB is also an opsonin-inducing protective
antigen.

It has been shown that animals immunized with a culture fil-
trate from E. rhusiopathiae are protected against homologous and
heterologous strains (23-25). As observed in other Firmicutes bac-
teria, anchorless housekeeping glycolytic enzymes, including TPI,
FBA, and GAPDH, were present in the supernatant of the Fu-
jisawa strain. We also found that GroEL, which is a highly con-
served heat shock protein essential to all living organisms, was also
present in the supernatant. Other proteins identified in the super-
natant included type I PGP, a member of the C15 family of cys-
teine peptidases, and LysA, an enzyme that catalyzes the final step
in lysine biosynthesis (37). PDHa and AK were also identified in
the supernatant. In this study, we found that the majority of the
culture supernatant proteins were immunogenic; however, we
could not confirm their protective capabilities. It is possible that
unexamined supernatant proteins, including AK and PDHa,
might display protective properties. Alternatively, culture super-
natant proteins with protective capabilities may have been de-
graded by proteases released following cell lysis, effectively pre-
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FIG 7 ELISA detection of anti-CbpB IgG antibodies in the sera of piglets
inoculated with recombinant CbpB. The results are expressed as means with
standard deviations for the control (n = 3) and CbpB-vaccinated (n = 7)
piglets. *, P < 0.01. OD,5, optical density at 450 nm.

venting their detection. In this study, we confirmed the presence
of CbpB in Fujisawa culture supernatants through Western blot-
ting with serum from a germfree pig that was immunized with the
CbpB protein (see Fig. S3 in the supplemental material). This
result indicates that protective antigens that occur naturally on the
cell surface of E. rhusiopathiae, including SpaA (30, 32) and RspA
(31), are also present in the supernatant.

In summary, we demonstrated that a novel CBP, designated
CbpB, elicits protective immunity by inducing opsonic antibod-
ies, suggesting that CbpB could be used as a vaccine antigen to
control erysipelas in animals. As observed for other Firmicutes
bacteria, several metabolic enzymes, including glycolytic enzymes,
are present in the supernatant of E. rhusiopathiae. However, we
could not confirm the protective capabilities of these supernatant
proteins. Our results suggest that CBPs are likely to be involved in
the observed protection conferred by immunization with the su-
pernatant of E. rhusiopathiae.
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