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The present study evaluated the potential of recombinant binding region A of clumping factor A (rCIfA-A)
to be an effective component of a vaccine against mastitis induced by Staphylococcus aureus in the mouse.
rCIfA-A and inactivated S. aureus were each emulsified in Freund’s adjuvant, mineral oil adjuvant, and Seppic
adjuvant; phosphate-buffered saline was used as a control. Seven groups of 12 mice each were immunized
intraperitoneally three times at 2-week intervals. The titers of IgG and subtypes thereof (IgG1 and IgG2a) in
the rCIfA-A-immunized group were more than 1,000-fold higher than those in the killed-bacteria-immunized
group (P < 0.01). Of the three adjuvants used, mineral oil adjuvant induced the highest antibody levels for both
antigens (P < 0.001). Furthermore, the anti-rCIfA-A antibody capacities for bacterial adhesion and opsonizing
phagocytosis were significantly greater in the rCIfA-A-immunized group than in the killed-bacteria-immunized
group (P < 0.05). Lactating mice immunized with either rCIfA-A or inactivated vaccine were challenged with
S. aureus via the intramammary route. The numbers of bacteria recovered from the murine mammary glands
24 h after inoculation were significantly lower in the rCIfA-A group than in the killed-bacteria-immunized
group (P < 0.001). Histologic examination of the mammary glands showed that rCIfA-A immunization
effectively preserved tissue integrity. Thus, rCIfA-A emulsified in an oil adjuvant provides strong immune

protection against S. aureus-induced mastitis in the mouse.

Staphylococcus aureus is the most common etiologic agent of
contagious bovine mastitis, which results in a decline in milk
production, culling of the dairy cow, and increased treatment
costs (1, 29). In addition, food-borne S. aureus has become a
major public health concern owing to the rapid evolution of
resistant lineages (6). A vaccine against S. aureus-induced mas-
titis in dairy cows would represent a safe and ideal means of
preventing and controlling mastitis (27).

S. aureus infection is a complex process that involves a series
of events, resulting in malfunction or destruction of host tis-
sues. Adherence of the microorganism to host tissues repre-
sents a critical first step. Nonadherent bacteria can be readily
removed from the host by clearing mechanisms, such as peri-
stalsis and excretion (3, 8). Thus, blocking bacterial adhesion
to cells and colonization of the mucosal surface may be the
most effective strategy for preventing S. aureus infection (19).

S. aureus clumping factor A (CIfA), which is usually co-
valently anchored to the peptidoglycan of the bacterial cell
wall, is an important adhesin and a critical virulence factor.
CIfA mediates the binding of S. aureus to fibrinogen on the
host cell surface and promotes bacterial invasion into host
tissues. An S. aureus clfA mutant displayed reduced virulence
in mice (16). Stutzmann et al. (26) showed that introduction of
the clfA gene into a less virulent organism, such as Streptococ-
cus gordonii, significantly increased its infective capacity in a
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mouse endocarditis model. Tuchscherr et al. (30) showed that
the passive transfer of antibodies to CIfA protected mice
against mastitis. As CIfA does not show genetic polymorphism,
it appears to be a suitable component of a novel vaccine
against S. aureus infection and the resultant mastitis (2, 23).
Josefsson et al. (10) demonstrated that the severity of arthritis
was markedly reduced in mice immunized with CIfA. A DNA
vaccine that encodes CIfA, as well as the fibronectin-binding
motifs of FnBP, delivered twice and boosted once with recom-
binant fibronectin-binding motifs and CIfA proteins provided
partial protection to the mammary gland against staphylococ-
cal mastitis and produced better postchallenge conditions in
vaccinated heifers (25). However, a safety concern is that the
introduced DNA may be integrated into the host cell chromo-
somes by insertional mutagenesis (5). To enhance the immune
responses induced by CIfA, the potent cytokine interleukin-18
(IL-18) has been used as an adjuvant (32).

The fragment of CIfA responsible for its activity lies within
binding region A of CIfA (CIfA-A) (14). Hartford et al. (7)
localized the fibrinogen-binding activity of CIfA to residues 221
to 559 of region A. Furthermore, the fibrinogen-binding sites
P336 and Y338 of clumping factor A are crucial for S. aureus
virulence (9). CIfA-A not only promotes bacterial binding to
the cell surface but also camouflages S. aureus so as to inhibit
phagocytosis (19). In addition, immunization with purified
CIfA-A was found to protect against staphylococcus-mediated
arthritis (10).

In the present study, CIfA-A was expressed and subunit
vaccines were prepared as several combinations of recombi-
nant CIfA-A (rCIfA-A) and various adjuvants, and these were
then evaluated in a BALB/c mouse model of mastitis. The
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results indicate that a vaccine formulation composed of
rCIfA-A and an appropriate adjuvant was effective in the pre-
vention of S. aureus-induced mastitis.

MATERIALS AND METHODS

Bacteria and culture media. S. aureus strain J9 was isolated and identified
from a case of bovine mastitis in Dongxihu District, Wuhan City, China. The
identity of the strain was confirmed by PCR and 16S rRNA sequencing. S. aureus
strain J9 was grown in tryptic soy broth or agar (BD Difco, Sparks, MD).
Escherichia coli strain DH5a grown in Luria-Bertani broth or agar (Difco) at
37°C in the presence of 50 wg/ml kanamycin when necessary was used as the host
for cloning.

DNA extraction and PCR. Genomic DNA extracted from S. aureus strain J9
using an extraction kit (Clontech, Palo Alto, CA) was used as the PCR template.
Binding region A of CIfA was amplified using the forward primer CIfA-A-Fwd
(5'-TATGGATCCGTAGCTGCAGATGCACC-3"), which includes a BamHI
restriction site (underlined), and the reverse primer CIfA-A-Rev (5'-CGCGTC
GACCTCTGGAATTGGTTCAATTTC-3’), which includes a Sall restriction
site (underlined). The primers were specific for the sequence of the CIfA-A
fragment, on the basis of the published sequence (GenBank accession no.
BA000018). PCR was conducted under the following conditions: an initial 4-min
denaturation at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 50°C, and 1
min at 72°C and with a final extension step of 72°C for 10 min. The amplified
products were purified using a QIAquick purification kit (Qiagen, Hilden, Ger-
many).

Construction of recombinant plasmid. The CIfA-A fragment was ligated into
pMD-18T (Takara Bio, Ohtsu, Japan) to generate pMD-CIfA-A, excised follow-
ing digestion with BamHI and Sall, and ligated into the similarly digested
pET-28a(+) vector (Promega, Madison, WI) to produce pET-28a-CIfA-A. Re-
striction endonuclease digestion and automated DNA sequencing were used to
verify coding sequence accuracy.

Expression and purification of recombinant proteins. The recombinant plas-
mid was transformed into competent BL21(DE3) cells, and the transformants
were subsequently cultivated to the mid-log phase at 37°C. Recombinant protein
expression was induced by the addition of 0.8 mM isopropyl-B-p-thiogalacto-
pyranoside (IPTG), and the cells were harvested at 6 h postinduction. The cells
were collected by centrifugation at 10,800 X g for 10 min at 4°C, washed in 0.1
M phosphate-buffered saline (PBS; pH 7.2), and disrupted by sonication.
rCIfA-A was purified by affinity chromatography using a nickel-nitrilotriacetic
acid (Ni-NTA) resin (Qiagen), according to the manufacturer’s specifications.
The protein concentration was determined by the bicinchoninic acid method.

Antigenicity analysis of recombinant proteins. (i) Western blot analysis. Pu-
rified recombinant proteins separated by SDS-PAGE were transferred to nitro-
cellulose membranes (Bio-Rad, Mississauga, ON, Canada) and blocked for 1 h
at room temperature in 5% skim milk (Oncogene, Milan, Italy) and PBS con-
taining 0.05% (vol/vol) Tween 20. After several quick washes, the membranes
were incubated for 1 h at room temperature with rabbit anti-S. aureus (1:1,500
dilution), mouse anti-rCIfA-A (1:2,000 dilution), or anti-His (1:5,000 dilution)
monoclonal antibodies (Southern Biotech, Birmingham, AL). After they were
extensively washed, the bound antibodies were detected using horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG (Southern Biotech) or HRP-
conjugated goat anti-rabbit IgG (Southern Biotech) antibodies.

(ii) Indirect immunofluorescence analysis. Indirect immunofluorescence anal-
ysis was performed according to the method of Tunney et al. (31), to assess the
self-made mouse anti-rCIfA-A antibody recognition capacity of native CIfA. S.
aureus strain J9 was cultivated to the mid-log phase at 37°C. Three washes with
PBS were performed, and 20 pl of S. aureus strain J9 was applied to slides that
were precoated with polylysine. The slides were then air dried, fixed in 100%
methanol for 10 min at —20°C, and incubated with serum (diluted 1:20) obtained
from mice immunized with the recombinant protein or the control for 1 h at
37°C. The slides were then washed again with PBS and incubated with fluores-
cein isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibodies (1:4,000;
Sigma Chemical Co., St. Louis, MO) for 1 h at 37°C in the dark. After a final
wash, the slides were mounted with glycerol-PBS and examined under a fluo-
rescence microscope (Olympus, Tokyo, Japan).

Mouse immunization. (i) Animals. Specific-pathogen-free BALB/c mice (28
males, 84 females; age, 7 to 9 weeks; weight, 20 to 22 g) were purchased from the
Hubei Center for Disease Control, Wuhan, China. The mice were supplied with
water and food ad libitum, according to Regulations for the Administration of
Affairs Concerning Experimental Animals. The female mice were randomly
allocated to seven treatment groups (n = 12 per group), as follows: (i) rCIfA-A
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plus Freund’s adjuvant (Sigma) (CF group), (ii) rCIfA-A plus ISA (incomplete
Seppic adjuvant) 206 adjuvant (Seppic, Paris, France) (CI group), (iii) rCIfA-A
plus oil adjuvant (Fuda, Hangzhou City, China) (CO group), (iv) inactivated S.
aureus plus Freund’s adjuvant (SF group), (v) inactivated S. aureus plus Seppic
ISA 206 adjuvant (SI group), (vi) inactivated S. aureus plus oil adjuvant (SO
group), and (vii) PBS (control group).

(i) Preparation of bacterial and protein vaccines. The inactivated S. aureus
vaccine was prepared as follows. S. aureus strain J9 was cultured overnight at
37°C in tryptic soy broth medium, harvested by centrifugation, resuspended in
sterilized PBS, and adjusted to 1 X 10° CFU/ml. The bacteria were then inac-
tivated at 37°C for 24 h in 0.2% (wt/vol) formaldehyde. After confirmation of the
absence of viable organisms, the bacteria were emulsified at a 1:1 ratio in
Freund’s complete adjuvant, oil adjuvant, or Seppic ISA 206 adjuvant for prim-
ing. The dosage of inactivated S. aureus vaccine (1 X 10° CFU) was determined
in pilot trials and through determinations of protein content. The CF and SF
groups were immunized with inactivated bacteria emulsified in Freund’s incom-
plete adjuvant for boosting. Purified rCIfA-A was dissolved in PBS and emulsi-
fied in the three adjuvants; the emulsion (100 wl) contained 40 pg of recombi-
nant protein.

(iii) Vaccination schedule. The mice were immunized at 2-week intervals (days
0, 14, and 28). Aliquots (100 wl) of the protein and inactivated S. aureus vaccine
were administered intraperitoneally to the mice. Blood samples were collected
on days 7, 21, and 35; and the sera were harvested and stored at —20°C. On day
24, female and male mice (3:1 ratio) were placed in cages, so that the female
mice could become pregnant. The control group was injected with PBS following
the same protocol.

Detection of specific antibodies by ELISA. (i) IgG detection. Enzyme-linked
immunosorbent assays (ELISAs) were used to determine the IgG titers against
rCIfA-A (17). Polystyrene Maxisorp 96-well plates (Nalgene; Nunc International
Corp., Rochester, NY) were coated overnight at 4°C with 100 pl of recombinant
protein at a concentration of 1 wg/ml in carbonate/bicarbonate buffer (pH 9.6).
Following saturation of the plates with a skim milk solution (5%, wt/vol) over-
night at 4°C, the serum samples were added at the specified dilution and incu-
bated for 45 min at 37°C. HRP-conjugated goat anti-mouse IgG antibodies
(1:4,000) were then added, and the mixture was incubated for 30 min at 37°C.
One hundred microliters of chromogenic substrate solution (42 mM tetrameth-
ylbenzidine and 0.01% hydrogen peroxide) was added for 10 min. The enzymatic
reaction was stopped by the addition of 50 wl of hydrofluoric acid. Three washes
with PBS-0.05% Tween 20 were performed between each step. The optical
density (OD) at 630 nm was read on a plate reader (BioTek Instruments,
Winooski, VT). The method used to determine the titers of antibodies against S.
aureus was the same as that described above for rCIfA-A, except that the coated
antigen was replaced with killed S. aureus.

(ii) Detection of IgG1 and IgG2a subtypes. ELISAs were performed as before,
except that the secondary antibody was either mouse anti-IgG1-HRP (Southern
Biotech) or mouse anti-IgG2a-HRP (Southern Biotech). The dilutions used
were 1:100 for the inactivated S. aureus groups and 1:102,400 for the rCIfA-A
groups.

(iii) S. aureus antibody binding assay. An ELISA was used to determine the
overall IgG binding capability in the CO and SO groups following the third
immunization against S. aureus (2). Briefly, 96-well flat-bottomed plates were
coated with killed S. aureus and incubated overnight at 4°C. The rest of the
procedure was as described above. The experiment was repeated three times.

In vitro phagocytosis by neutrophilic leukocytes. Neutrophilic leukocytes from
a healthy cow in early lactation were isolated using the method described by
Diarra et al. (4). The cells were resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) to a concentration of 5 X 10° cells/ml. The phagocytosis assay
was performed as described previously, with minor modifications (21). Overnight
cultures of S. aureus were washed twice with sterile PBS and collected by cen-
trifugation. The pellets were resuspended in DMEM without serum or antibiot-
ics, and the suspension was then adjusted to 1 X 10° CFU/ml (determined by
counting of viable cells). The bacteria were preincubated for 30 min at 37°C with
sera from the CO, SO, and PBS control groups after the third immunization at
a bacterium/serum ratio of 100:1 (vol/vol). A volume of 200 ul (2 X 10® CFU) of
preincubated bacteria was added to the washed neutrophils at a 40:1 ratio
(bacteria/neutrophils), and the mixture was incubated for 30 min at 37°C with
slow shaking, to allow phagocytosis to proceed. Phagocytosis was stopped by the
addition of 1 ml of cold sterile PBS. Extracellular bacteria were removed by four
washes with PBS and centrifugation at 250 X g at 4°C for 5 min, and the pellets
were resuspended in DMEM (2 ml). Each sample was divided into two equal
portions. One portion was incubated at 37°C for 5 min (total incubation time, 35
min), while the other portion was incubated at 37°C for 30 min (total incubation
time, 60 min). After phagocytosis of the bacteria was completed, the cells were
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lysed by adding sterile distilled water. The numbers of bacteria that were phago-
cytosed by neutrophils were determined by dilution plating. The CFU/ml values
were calculated as the means of triplicate samples. In addition, a HeLa cell
control group was used to verify the efficiency of removing extracellular S. aureus
by washing.

Challenge of lactating mice and bacterial recovery from the mammary glands.
Four days after delivery, the female mice in the CO and SO groups were lightly
anesthetized, and S. aureus mastitis was induced as described previously (3, 12).
The teat canals were on the left side from anterior to posterior were designated
L1 to L4, and the corresponding canals on the right side were designated R1 to
R4. The L4 and R4 teat canals of each animal were inoculated with 50 wl of an
S. aureus J9 suspension, corresponding to 5 X 10° CFU. After 24 h, the mice
were killed, and their mammary glands were removed aseptically. The glands
were placed in sterile PBS (1:10, wt/vol) and homogenized using a sterile Poly-
tron homogenizer. Appropriate dilutions were then seeded in Baird-Parker agar
with egg yolk supplement to determine the number of CFU per gland.

Assessment of IL-4 and IL-6 in mammary glands. At 24 h after inoculation,
mammary gland homogenates from the experimental mice were centrifuged at
13,000 X g for 30 min, and the supernatants were collected. IL-4 and IL-6 were
quantified using ELISA kits (BioSource, Camarillo, CA), according to the man-
ufacturer’s instructions.

Histological examination of mammary glands. At 24 h after inoculation, the
mammary glands were fixed in 4% formaldehyde in PBS for 24 h and then
embedded in paraffin wax. Sections (5 wm thick) were cut and stained with
hematoxylin-eosin. Light microscopy (Eclipse 80i; Nikon, Tokyo, Japan) was
performed, and histology micrographs were obtained.

Statistical analysis. The arithmetic mean and standard error of the mean were
calculated for each treatment group. The data were analyzed using the analysis
of variance (ANOVA) contained in the SAS software package (SAS Institute,
Cary, NC). Differences between treatment means were evaluated by Dunnett’s
post hoc test. P values of <0.05 were considered significant.

Nucleotide sequence accession number. The sequence of the CIfA-A gene
fragment was deposited in the GenBank database under accession no.
HM042450.

RESULTS

Cloning, expression, and purification of recombinant
CIfA-A. Five colonies of E. coli DH5a that contained pET-
28a(+)-CIfA-A were selected, and the recombinant plasmids
were extracted and sequenced. The results of the sequence
analysis confirmed that the CIfA-A gene fragment was inserted
into the vector in the correct orientation, and this sequence
was deposited in the GenBank database (accession no.
HMO042450). Recombinant bacteria that contained pET-28a-
CIfA-A were induced with IPTG after 6 h in culture and
subsequently lysed by ultrasonic disruption. The recombinant
protein was purified by His tag Ni affinity chromatography. The
rCIfA-A proteins before and after purification were analyzed
by 10% SDS-PAGE, and the protein had the expected molec-
ular mass of 48 kDa and was expressed in soluble form at a
yield of 2.23 mg/ml (Fig. 1A).

Determination of recombinant protein antigenicity. The im-
munogenicity of rCIfA-A was further determined by Western
blot analysis (Fig. 1B). Mouse antisera to rCIfA-A detected
rCIfA-A as a single band of 48 kDa. Furthermore, the rabbit
antiserum to S. aureus reacted with rCIfA-A, indicating that
the protein retained its natural configuration. In addition, the
commercial mouse anti-His monoclonal antibody showed im-
munoreactivity with rCIfA-A, which supported the previous
finding that rCIfA-A is immunogenic. The mouse antiserum to
rCIfA-A reacted with S. aureus in an indirect immunofluores-
cence experiment (Fig. 1C). Preincubation of S. aureus with the
sera from the rCIfA-A-vaccinated groups produced a strong
green fluorescence, whereas the mock-vaccinated groups
showed no fluorescence. The fact that the sera from the im-
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FIG. 1. (A) Analysis of rCIfA-A expression by SDS-PAGE. Lane 1,
E. coli containing pET-28a-CIfA-A after induction; lane 2, rCIfA-A
purified by His-affinity chromatography; lane M, proteins with refer-
ence molecular masses (KD, kilodaltons). (B) Western blotting for
rCIfA-A. Lane 1, purified rCIfA-A; lane M, prestained protein marker.
a, the primary antibody was mouse anti-rCIfA-A serum; b, the primary
antibody was rabbit anti-S. aureus serum; c, the primary antibody was
an anti-His monoclonal antibody. (C) Assessment of the mouse anti-
rCIfA-A antibody recognition capacity of native CIfA by indirect im-
munofluorescence assay. S. aureus was applied to slides and incubated
with immunized serum. The slides were incubated with FITC-conju-
gated goat anti-mouse IgG antibodies and examined with a fluores-
cence microscope. a, S. aureus was incubated with serum from the
rCIfA-A immunization group; b, S. aureus was incubated with serum
from the PBS control group.

munized mice bound to the bacteria indicates that the binding
region A of CIfA has potent antigenicity.

Humoral immune responses induced by rCIfA-A and inac-
tivated vaccines. (i) IgG production. The IgG titers in the mice
were measured after three rounds of vaccination (Fig. 2A).
The titers of antibodies against rCIfA-A and S. aureus peaked
at the third immunization. Comparison of the three adjuvants
used with the rCIfA-A antigen revealed that after the third
immunization, the antibody titers in the CO group (760,685 *
154,814) were higher than those in either the CF group
(234,057 = 77,407) or the CI group (136,533 * 52,879) (P <
0.001). In the inactivated-vaccine group, the oil adjuvant stim-
ulated the highest IgG levels after immunization.

Comparison of the two antigens with the same adjuvant after
the third immunization revealed that rCIfA-A induced a stron-
ger antibody response. The mean antibody titer of the CO
group (760,685 = 154,814) was higher than that of the SO
group (5,200 = 2,221) (P < 0.001), the mean antibody titer of
the CF group (234,057 = 77,407) was higher than that of the
SF group (2,514 = 1,982) (P < 0.01), and the mean antibody
titer of the CI group (136,533 = 52,879) was higher than that
of the ST group (580 = 405) (P < 0.05). In addition, rCIfA-A
stimulated a more rapid antibody rise than the inactivated S.
aureus. The mean antibody titers of all the rCIfA-A groups
were significantly higher after the second vaccination than af-
ter the first vaccination, whereas the antibody titers were sig-
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FIG. 2. IgG antibody titers (A) and serum IgG1 and IgG2a levels (B) determined by ELISA. The mice were immunized three times at 2-week
intervals, and sera were obtained from the mice 1 week after each vaccination. SF, SI, and SO represent the mice immunized with inactivated S.
aureus emulsified in Freund’s adjuvant, Seppic adjuvant, and oil adjuvant, respectively. CF, CI, and CO represent the mice immunized with
rCIfA-A emulsified in Freund’s adjuvant, Seppic adjuvant, and oil adjuvant, respectively. Results are shown as means * standard deviations.

nificantly enhanced in all the inactivated vaccine groups only
after the third immunization.

(ii) IgG1 and IgG2a levels. The serum levels of IgG1 and
IgG2a directed against rCIfA-A following the administration
of rCIfA-A emulsified in different adjuvants were measured
(Fig. 2B). The serum dilution was 1:100 for the inactivated S.
aureus groups and 1:102,400 for the rCIfA-A groups. The sub-
type of IgG induced by rCIfA-A emulsified in all three adju-
vants was predominantly IgGl. Of the three adjuvants,
Freund’s adjuvant stimulated the highest IgG1 titers, as evi-
denced by the OD values (1.40 = 0.25; P < 0.001). The IgG1
titers of the CI and CO groups were 1.28 + 0.28 and 1.27 =
0.25, respectively. In contrast, no significant differences in IgG
subtypes were observed for the inactivated S. aureus groups.

(iii) S. aureus antibody binding assay. The binding capacities
of the antibodies to S. aureus that were induced were com-
pared between the rCIfA-A and inactivated S. aureus groups.
The immune serum binding capacity decreased as the dilution
increased. The binding capacity of the rCIfA-A-specific anti-
body was significantly higher than that of the S. aureus-specific

antibody at dilutions of 1:100 (2.33 = 0.02 and 0.62 = 0.19,
respectively; P < 0.01), 1:200 (2.25 = 0.08 and 0.43 = 0.07,
respectively; P < 0.05), and 1:400 (2.10 = 0.11 and 0.33 =
0.08, respectively; P < 0.05).

Opsonic activities of antibodies. After preincubation of S.
aureus with pools of antisera from the CO, SO, and PBS con-
trol groups, ingestion of the bacteria by bovine neutrophils was
detected (Fig. 3A). The number of bacteria ingested by bovine
neutrophils in the presence of the antisera from the CO group
was 1.31 X 10° = 1.16 X 10* CFU/ml, significantly higher than
the numbers for both the SO group (7.53 X 10* = 9.24 x 10°
CFU/ml) and the PBS group (6.07 X 10* + 3.06 X 10> CFU/
ml) (P < 0.001). Over a period of 1 h, the numbers of bacteria
ingested by bovine neutrophils in the presence of antisera from
the CO, SO, and PBS control groups were 1.12 X 10* + 2.62 X
10> CFU/ml, 8.30 X 10°> * 1.25 X 10° CFU/ml, and 5.97 X
10> = 9.50 X 10*> CFU/ml, respectively. Few bacteria were
obtained from the lysed HeLa cells. These results indicate that
the extracellular S. aureus cells were washed off efficiently, that
the bacteria opsonized with antisera immunized with rCIfA-A
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FIG. 3. (A) In vitro phagocytosis of S. aureus after opsonization. Bacteria were preincubated with sera from rCIfA-A-immunized mice,
inactivated vaccine-immunized mice, or the control group. Then, the bacteria were added to neutrophils and incubated for 35 or 60 min. The
numbers of bacteria phagocytosed by neutrophils were determined by dilution plating. (B) The numbers of bacteria recovered from the mammary
glands of rCIfA-A-immunized mice, inactivated S. aureus-immunized mice, or the control group were determined after an S. aureus challenge.
Results are shown as mean * standard deviations. *, P < 0.05 versus the inactivated vaccine group; **, P < 0.01 versus the inactivated vaccine

group; OO, P < 0.01 versus the PBS group.
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were easier to eliminate, and that the antibodies induced in the
rCIfA-A-immunized group had the strongest opsonic activities.

Bacterial recovery from mammary glands after intramam-
mary challenge with S. aureus. The mammary glands of the
mice were inoculated with S. aureus strain J9, and bacterial
counts were performed 24 h later (Fig. 3B). There were fewer
bacteria in the rCIfA-A group (5.40 X 10* * 2.45 X 107
CFU/gland) than in the inactivated vaccine group (2.96 X
10® = 1.10 X 10® CFU/gland, P<0.01) or control group (4.13 X
10° = 6.95 x 10® CFU/gland, P<0.001).

Histopathologic examination. The acinar structure of the
mammary glands of mice immunized with the rCIfA-A vaccine
was similar to that of a normal murine mammary gland. There
were only a few epithelial cells shedding in partial vision (Fig.
4A). In the mice immunized with inactivated S. aureus, the
mammary acinar structure was destroyed. Many glandular ep-
ithelial cells appeared to be necrotic and were shed into the
alveoli. Small capillaries were congested, and mild interstitial
edema and polymorphonuclear leukocyte (PMN) infiltration
into the alveoli were observed (Fig. 4B). In contrast, in the
control group, the mammary structures were completely de-
stroyed and interstitial edema was significant and widespread.
Numerous degenerate epithelial cells were observed, along
with scattered PMNs and mononuclear cells (Fig. 4C).

Levels of IL-4 and IL-6 in mammary glands. To elucidate
the mechanism underlying the immune protection against mas-
titis, the levels of IL-4 and IL-6 in the mammary glands were
determined. Intramammary challenge with S. aureus resulted
in increased concentrations of IL-4 and IL-6 in the murine
mammary glands of both the rCIfA-A-vaccinated and inactive
S. aureus-vaccinated groups (Fig. 5). The concentration of IL-4
was significantly higher in the rCIfA-A group than in the inac-
tive S. aureus group (P < 0.01), whereas the concentration of
IL-6 was lower in the rCIfA-A group than in the inactive S.
aureus group (P < 0.05).

DISCUSSION

The mouse is an appropriate experimental animal for study-
ing the pathogenesis of mammary infection. Although reports
have indicated that bacterial challenge can be performed ei-
ther via the mammary papilla or by intraperitoneal injection (2,
33), the present study demonstrates that in the mouse model of
mastitis, mammary gland injection of bacteria more closely
resembles natural infection than does intraperitoneal injection
(18). Furthermore, the fourth pair of mammary glands in mice
is similar to that in cows. Therefore, in our challenge experi-
ments, S. aureus was inoculated into the mammary gland di-
rectly via the mammary papilla. Comprehensive analyses,
which included histopathologic observations and the counting
of bacteria, confirmed that mastitis was successfully established
in the S. aureus-inoculated mice. The infection was found to be
associated with complete disruption of the mammary acinar
structure, necrosis of the epithelium, extensive neutrophil in-
filtration, and serious interstitial edema (Fig. 4C). These re-
sults establish a foundation for further evaluations of the can-
didate vaccines.

Adhesins play important roles in S. aureus infection and
invasion, and vaccines that target adhesins have shown promise
in terms of preventing S. aureus-induced mastitis (27). CIfA,
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FIG. 4. Microscopic images of mammary gland in the rCIfA-A-
immunized group (A), inactivated S. aureus-immunized group (B), and
PBS control group (C). Female BALB/c mice were immunized with
rCIfA-A or inactivated vaccine just before pregnancy. Four days after
delivery, the lactating mice were challenged with S. aureus in the R4
and L4 mammary abdominal glands. The histology of the mammary
glands was assessed 24 h after inoculation. The mammary acinar struc-
ture was intact, with a few epithelial cells shedding in partial vision in
the rCIfA-A group. The mammary acinar structure was destroyed, and
a lot of glandular epithelial cells were necrotic and shed into the alveoli
in the inactivated vaccine group. The mammary structures were com-
pletely destroyed and a large number of degenerated epithelial cells
and neutrophils infiltrated in the PBS control group. Magnifications,
X400.

one of the more important adhesins, is an ideal vaccine can-
didate owing to its conservative nature. The present study
demonstrates that the CIfA-A subunit expresses many of the
critical functions of the CIfA protein. The CIfA-A of the S.
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FIG. 5. Levels of IL-4 (A) and IL-6 (B) from mammary glands
before and after S. aureus challenge. Female BALB/c mice were im-
munized with rCIfA-A or inactivated vaccine just before pregnancy.
Lactating mice in the rCIfA-A-immunized, inactivated vaccine-immu-
nized, and PBS control groups were challenged with S. aureus in the R4
and L4 mammary abdominal glands. IL-4 and IL-6 production in the
supernatant of the mammary glands was analyzed by ELISA. Results
are shown as means * standard deviations. A, P < 0.05 versus before
S. aureus challenge; AA, P < 0.01 versus before S. aureus challenge; *,
P < 0.05 versus the inactivated vaccine-immunized group.

aureus J9 strain, which was isolated from the milk of a local
cow with mastitis, was cloned and expressed. Therefore,
CIfA-A was used in formulations with three different adjuvants
(Freund’s adjuvant, Seppic adjuvant, and oil adjuvant). Tol-
lersrud et al. (28) have suggested that vaccination with intact
staphylococcal cells prevents staphylococcal mastitis in cows.
However, attempts to produce killed whole-cell vaccines for S.
aureus infections have proven unsuccessful (15). In contrast,
vaccines that contain purified bacterial surface components
have been shown to provide protection against experimental
infections in animals (10). In the present study, the rCIfA-A
subunit vaccine provided significantly better protection against
S. aureus-induced mastitis than did either the inactivated S.
aureus vaccine or mock immunization.

The mechanism underlying this enhanced protection was
explored. Crucially, rCIfA-A stimulated stronger humoral im-
mune responses, which were characterized by higher IgG titers
(significantly higher IgG1 and IgG2a titers), dominance by the
IgG1 subtype, and the enhanced ability of the induced anti-
bodies to bind and opsonize the bacteria, as well as to inhibit
bacterial growth.

In the present study, the numbers of bacteria recovered from
mammary glands were significantly lower in the rCIfA-A-vac-
cinated group than in either the inactivated S. aureus-immu-
nized group or the control group. In the rCIfA-A-immunized
group, the structure of the mammary glands remained intact
and only a slight focal lesion was observed. Compared to the
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PBS control group, immunization with inactivated S. aureus
gave some protection in terms of preserving tissue integrity
after challenge with S. aureus. However, immunization with
rCIfA-A was much more effective in this respect.

Analysis of the IgG responses revealed that rCIfA-A immu-
nization produced more than 1,000-fold higher levels of IgG
than did immunization with inactivated S. aureus. Further ex-
periments showed that the antisera from the rCIfA-A-vacci-
nated animals were more potent in promoting ingestion of the
bacteria by bovine neutrophilic leukocytes than the inactivated
S. aureus or PBS control. These results confirm that antisera
against CIfA promote phagocytosis and are in line with the
recovery of fewer bacteria from the mammary glands. These
results also suggest that anti-CIfA antibodies enhance the
clearance of staphylococci in vivo.

The isotype profiles revealed that rCIfA-A immunization
predominantly induced the IgG1 subtype. This represents a
Th2-dominant response. Regarding immunization with inacti-
vated S. aureus, there was only a slight difference between the
IgG1 and IgG2a titers. The induction of a higher proportion of
IgGl1 is a typical feature of protein immunization (13). In
addition, the IgG1 subtype is the most efficient opsonization
isotype for neutrophils (24). Therefore, the higher titers of IgG
and IgG1 dominance may be linked to the superior protection
conferred by immunization with rCIfA-A compared to that
conferred by immunization with inactivated S. aureus.

IL-4 and IL-6 favor the development of Th2 lymphocytes. In
the present study, rCIfA-A immunization significantly stimu-
lated the production of these cytokines. This result, combined
with the dominant IgG1 subtype, confirms that rCIfA-A im-
munization induces Th2 responses that allow the host to fight
invading bacteria (22). The higher levels of IL-6 observed in
the inactivated S. aureus group probably reflect a severe in-
flammatory response (17, 20).

Adjuvants are important components of vaccines. In the
present study, three adjuvants (Freund’s adjuvant, Seppic ad-
juvant, and oil adjuvant) were chosen for use in the two for-
mulations (rCIfA-A and killed S. aureus). The oil adjuvant
induced antibody production the most rapidly and efficiently in
the protein antigen groups. This oil adjuvant has several func-
tions, including sequestering antigens and their slow release,
prolonging antigen stimulation, as well as activating comple-
ment pathways, antigen-presenting cells, and T cells (11).
Therefore, the oil adjuvant groups were selected to evaluate
further the immunologic effects in the challenge experiments.

In summary, the results of our mouse immunization exper-
iments, challenge experiments, and in vitro assay indicate that
rCIfA-A induces a significantly stronger and more effective
immune response than killed S. aureus in an S. aureus-induced
mouse mastitis model. Therefore, rCIfA-A is a promising can-
didate for use in a novel subunit vaccine against S. aureus-
induced mastitis in cow populations in which the predominant
infecting staphylococci are known to express CIfA.
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