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The members of the genus Brucella are gram-negative, facultatively intracellular bacterial pathogens that
cause brucellosis in many animal species and humans. Although live, attenuated vaccines are available to
protect several animal species from the disease, there is no safe and effective vaccine for human use. Here we
report that a bacterium that is closely related to Brucella species, Ochrobactrum anthropi, can be used as a
vaccine vector for the delivery of Brucella antigens to mice, leading to the elicitation of protective immunity
against brucellosis. Brucella abortus Cu,Zn superoxide dismutase (SOD), a protective Brucella antigen, was
expressed in large amounts in O. anthropi strain 49237 by use of the broad-host-range plasmid pPBBR1IMCS.
Neither O. anthropi strain 49237 nor the recombinant O. anthropi strain 49237SOD, expressing B. abortus
Cu,Zn SOD, provided protection against virulent Brucella infection in mice. Analysis of immune responses
indicated that strains 49237 and 49237SOD stimulated a mix of Th1 and Th2 type responses in the mice. After
the immune response was switched to a Thl-biased response by addition of oligonucleotides containing
unmethylated CpG motifs, both O. anthropi strain 49237 and the recombinant O. anthropi strain 49237SOD
induced protection in mice. However, the protection conferred by strain 49237SOD was significantly better

than that induced by the parental strain, 49237.

Brucella species are gram-negative, facultatively intracellular
bacterial pathogens that can cause chronic infections in several
terrestrial and marine mammals. Brucellosis in humans is pri-
marily a zoonotic disease; infection is acquired either through
consumption of contaminated dairy products or by coming in
contact with infected animal secretions (1). In general, cell-
mediated immune (CMI) responses play a major role in pro-
tection against brucellosis, although antibodies to O-polysac-
charide (O antigen) of smooth lipopolysaccharide (LPS)
appear to be protective in some host species (3, 4). Live,
attenuated vaccines that can stimulate strong CMI responses
are very effective against brucellosis. Attenuated strains such as
Brucella melitensis Revl and Brucella abortus S19 and RB51 are
being used to control brucellosis in domestic animals. How-
ever, there is no safe, effective vaccine available for human use;
the vaccine strains used for animals are considered too virulent
or unsafe for humans. Vaccines that will be noninfectious to
humans but effective in stimulating a broad protective immune
response in humans as well as in several domestic and wild
animal species are needed to control brucellosis. To develop
the next generation of Brucella vaccines, several research
groups are pursuing different strategies, including develop-
ment of subunit vaccines (30, 31), utilization of vaccinia virus
as a vector (41), overexpression of protective homologous an-
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tigens (44), and creation of attenuated strains through deletion
of specific genes (8, 16, 17). In this study, we examined if
Ochrobactrum anthropi, a bacterium that is very closely related
to Brucella, can be used as a vaccine or vaccine vector for
brucellosis. O. anthropi is a gram-negative, rod-shaped, strictly
aerobic, nonpigmented, oxidase-producing, non-lactose-fer-
menting bacillus that is motile by means of peritrichous flagella
(22, 38, 40). There are at least 56 strains, and they are rarely
pathogenic to humans. The close relationship between O. an-
thropi and Brucella has been clearly demonstrated through
DNA-rRNA hybridization (14), PCR (33), delayed-type hyper-
sensitivity reactivity of Brucella-infected animals (14), double
gel immunodiffusion (39), and Western blot analysis (11, 39).
For instance, DNA-rRNA hybridization has shown that Bru-
cella was the nearest rRNA neighbor to O. anthropi (14). Un-
published results from our laboratory indicate that mouse sera
obtained after infection or vaccination with B. abortus strain
2308 or RB51 recognize many O. anthropi antigens.

O. anthropi strain 47237 was originally isolated from soil and,
unlike the majority of O. anthropi strains, is sensitive to almost
all the common antibiotics (Y. He, R. Vemulapalli, and G. G.
Schurig, unpublished data). O. anthropi strain 47237 does not
appear to carry a plasmid, and it can be easily transformed with
the broad-host-range plasmid pPBBRIMCS, allowing the ex-
pression of Brucella antigens (this study). Brucella Cu,Zn su-
peroxide dismutase (SOD) is a protective antigen (5, 31, 37).
Escherichia coli expressing Brucella Cu,Zn SOD induced sig-
nificant protection in mice against infection with the virulent B.
abortus strain 2308 (31). Mice immunized with purified Bru-
cella Cu,Zn SOD (5) or SOD synthetic peptides (37) devel-
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oped significant protection against infection with the virulent
strain 2308. Vaccination of mice with Brucella RB51 overex-
pressing homologous Cu,Zn SOD also stimulated enhanced
protection (44). Since O. anthropi has many antigens that cross-
react with Brucella, we hypothesized that intact O. anthropi
strain 49237 alone or expressing Brucella Cu,Zn SOD would
provide protection against virulent Brucella infection. In this
study we demonstrated that O. anthropi or recombinant O.
anthropi expressing SOD does not protect mice against Bru-
cella challenge. Nevertheless, if the immune response is
switched to a Th1 type by coadministration of a CpG adjuvant,
significant protection against Brucella infection is achieved.

MATERIALS AND METHODS

Bacterial strains and growth conditions. O. anthropi strain 49237 was pur-
chased from the American Type Culture Collection, Manassas, Va. B. abortus
strains 2308 and RB51 were from our culture collection. All bacteria were grown
in tryptic soy broth or on tryptic soy agar (TSA) plates. Chloramphenicol at a
concentration of 30 pg/ml was added to the broth or agar during culture of
bacteria containing the broad-host-range plasmid pBBRIMCS (26).

Reagents, antigens, and antisera. A phosphothioate-modified oligonucleotide
containing the CpG motif was custom synthesized by Genosys Biotechnologies,
Inc. (The Woodlands, Tex.). The sequence of the oligonucleotide was 5'-TCC
ATG ACG TTC CTG ATG CT-3’ (boldfaced letters represent the active motif).
Brucella Cu,Zn SOD was purified by ion-exchange chromatography as reported
previously (7, 44). Goat anti-B. abortus RB51 and goat anti-Cu,Zn SOD sera
were available in our laboratory. E. coli strain DH5a (GIBCO BRL, Gaithers-
burg, Md.) was used for cloning the necessary plasmid constructs. Live B. abortus
or O. anthropi strains were heat inactivated by incubating sealed tubes with
bacteria in a 65°C water bath for 30 min.

Construction of recombinant O. anthropi strain 49237SOD. A plasmid desig-
nated pBBSOD was previously constructed in our laboratory (44). This plasmid
was constructed by subcloning a 1.1-kb DNA fragment of B. abortus containing
the sodC gene (encoding Cu,Zn SOD) along with its promoter sequence into
pBBRIMCS (26). Plasmids pBBSOD and pBBRIMCS were electroporated into
the electrocompetent O. anthropi strain 49237 according to a protocol described
previously for Brucella (29). Colonies of the O. anthropi strain 49237 containing
pBBSOD or pBBRIMCS (designated O. anthropi strain 49237SOD or 49237pBB,
respectively) were selected from TSA plates containing chloramphenicol at a
concentration of 30 pg/ml.

Protection experiment with mice. To determine whether O. anthropi 49237 or O.
anthropi 49237SOD could stimulate protection against virulent Brucella infection in
mice, four different protection experiments were performed. In experiment 1, groups
of eight mice were inoculated intraperitoneally (i.p.) with either saline (negative
control), B. abortus strain RB51 (2 X 10* CFU/mouse; positive control), recombi-
nant B. abortus strain RB51SOD (2 X 10® CFU/mouse; positive control), O. anthropi
49237 (5 % 10® CFU/mouse), O. anthropi 49237pBB (5 X 10® CFU/mouse), or O.
anthropi 49237SOD (5 X 10® CFU/mouse). At 2, 4, and 6 weeks after inoculation,
three mice from each group were bled retroorbitally, and sera were obtained and
stored at —40°C until use in an enzyme-linked immunosorbent assay (ELISA) or
Western blot analysis. Six weeks after inoculation, five mice from each group were
challenged i.p. with 2 X 10* CFU of virulent B. abortus 2308/mouse. These mice were
killed 2 weeks later, spleens were collected and homogenized, and dilutions were
plated to determine the numbers of Brucella CFU per spleen (37). The remaining
three unchallenged mice from each group were killed 6 to 8 weeks postinoculation,
and spleen cells were collected for in vitro cell culture work. Experiment 2 was
carried out to determine whether multiple injections were required for protection.
Groups of five mice were immunized i.p. with either saline, B. abortus strain RB51,
or O. anthropi 49237SOD at the doses described for experiment 1. Two weeks later,
mice inoculated with O. anthropi 49237SOD were reimmunized with O. anthropi
49237SOD (5 x 10® CFU/mouse). Mice of all the groups were challenged at 6 weeks
after the first immunization. To determine whether different doses influenced the
results of protection, a third experiment was carried out. Four groups of five mice
each were inoculated with O. anthropi 49237 at four different doses: 5 X 108, 5 X 107,
5 % 10°% and 5 X 10° CFU/mouse. An additional group of five mice was inoculated
i.p. with saline as the negative control. All mice in experiments 2 and 3 were
challenged and killed according to the protocol of experiment 1. In experiment 4,
synthetic CpG-containing oligodeoxynucleotides (CpG-ODN) were administered as
an immunostimulatory adjuvant. Groups of eight mice were inoculated i.p. with O.
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anthropi strain 49237 alone (5 X 10® CFU/mouse), strain 49237 (5 X 10° CFU/
mouse) with the CpG adjuvant, strain 49237SOD alone (5 X 10® CFU/mouse), or
strain 49237SOD (5 X 10® CFU/mouse) with the CpG adjuvant. The CpG adjuvant
was inoculated i.p. at a dose of 10 nmol at 4 h before inoculation and again at the
time of inoculation of the bacterial strains. As controls, three groups of mice were
inoculated with either saline alone, CpG-ODN alone, or E. coli DH5« (10° CFU/
mouse) with CpG-ODN. Mice were bled at 2, 4, and 6 weeks after inoculation. At
6 weeks after inoculation, five mice from each group were challenged with the
virulent Brucella strain 2308; 2 weeks later, they were killed for a protection study as
described above. The remaining three unchallenged mice were used for CMI re-
sponse detection.

Serological tests. A colony immunoblot assay and Western blotting were
performed according to the procedures published previously (44). An indirect
ELISA was performed to measure the isotypes of specific anti-Brucella Cu,Zn
SOD antibodies in the sera of mice. Brucella Cu,Zn SOD purified by ion-
exchange chromatography (44) was adsorbed to wells of polystyrene plates
(Maxisorp; Nunc) at a concentration of 1 pg of SOD/well in 50 .l of bicarbonate
buffer (pH 9.6). After overnight incubation at 4°C, plates were blocked with 2%
bovine serum albumin in phosphate-buffered saline (pH 7.4) for 2 h at room
temperature. Mouse serum samples at a 1:100 dilution were added to wells in
duplicate and incubated for 3 h at room temperature. Plates were washed three
times with phosphate-buffered saline containing 0.05% Tween 20. Isotype-spe-
cific goat anti-mouse horseradish peroxidase-conjugated antisera (ICN Pharma-
ceuticals, Inc.) were added for 30 min at room temperature, plates were washed
for three times, and 100 wl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate
solution (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) was added and
incubated in the dark for 20 min. The reaction was stopped by addition of 100 .l
of 0.18 M sulfuric acid/well, and the absorbance of the developed color was
measured at 450 nm.

Splenocyte cultures and quantitation of IFN-y and IL-4. Mice were killed by
CO, asphyxiation, and their spleens were removed under aseptic conditions.
Single spleen cell suspensions were prepared from the spleens according to the
standard procedures (42, 43). Red blood cells were lysed with ACK solution (150
mM NH,Cl, 1 mM KHCO;, 0.1 mM Na, EDTA [pH 7.3]). Splenocytes were
cultured in 96-well flat-bottom plates at a concentration of 5 X 10° viable
cells/well in the presence of heat-inactivated RB51, O. anthropi strain 49237, or
49237SOD bacteria equivalent to 10° CFU with either 1 pg of purified SOD, 1
wg of concanavalin A, or no additives (unstimulated control). RPMI 1640 me-
dium (GIBCO BRL) supplemented with 2 mM L-glutamine, 10% heat-inacti-
vated fetal calf serum, and 50 uM penicillin-streptomycin was used for culturing
the splenocytes. The cells were cultured for 5 days, and the plates were centri-
fuged at 250 X g for 10 min. The clear culture supernatants were transferred to
a new 96-well plate and stored at —70°C until an ELISA was performed to
determine gamma interferon (IFN-y) concentrations (42). For detection of in-
terleukin-4 (IL-4) in culture supernatants, cells were cultured with the different
stimulants for 4 days and then 50 ng of phorbol myristate acetate (PMA) per ml
and 1 pM ionophore were added (35). Supernatants were collected 16 h after
stimulation with PMA-ionophore. IFN-y and IL-4 levels in culture supernatants
were determined by sandwich ELISAs as previously described using purified
recombinant mouse IFN-y or IL-4 as the standard (42). All assays were per-
formed in triplicate. The concentration of IFN-y or IL-4 in the culture super-
natants was calculated by using a linear-regression equation obtained from the
absorbance values of the standards.

Survival of O. anthropi strain 49237 and O. anthropi strain 49237SOD in mice.
Six-week-old female BALB/c mice (Charles River Laboratories, Wilmington,
Mass.) were used. Groups of 15 mice each were inoculated i.p. with approxi-
mately 4 X 10% CFU of O. anthropi strain 49237, O. anthropi strain 49237SOD,
or strain 49237SOD plus CpG adjuvant. The exact CFU of bacteria injected were
determined retrospectively by plating serial dilutions of the bacterial suspensions
used for infection on TSA plates or chloramphenicol-containing TSA plates (44).
The CpG adjuvant was inoculated at a dose of 10 nmol at 4 h before inoculation
and again at the time of injection with strain 49237SOD. At 5, 8, and 14 days
postinoculation, five mice from each group were euthanatized by CO, asphyxi-
ation. Their spleens were collected, and bacterial CFU per individual spleen
were determined by plating the serial dilutions of the spleen homogenates on
TSA plates as well as on chloramphenicol-containing TSA plates.

Statistical analysis. The CFU data in the protection study were analyzed by
performing analysis of variance with an unequal-variance model. The mixed-
model procedure of SAS Institute Inc. (Cary, N.C.) was used. Single degree-of-
freedom contrasts were used to test specific hypotheses of interest. The Student
t test was performed in the bacterial clearance study and the Ig isotype study
using O. anthropi strain 49237SOD with or without CpG-ODN.
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FIG. 1. Detection of Brucella Cu,Zn SOD expression in O. anthropi
strain 49237SOD by Coomassie blue staining of a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel (A) and by Western blot
analysis with a goat anti-RB51 serum (B) and a mouse anti-SOD
serum (C). In all panels, lanes 1 to 4 contain B. abortus strain RB51, O.
anthropi strain 49237, O. anthropi strain 49237pBB, and O. anthropi
strain 49237pBBSOD, respectively. In panels B and C, lane 5 contains
purified B. abortus Cu,Zn SOD. Arrows indicate the Cu,Zn SOD band.

RESULTS

Expression of Brucella Cu,Zn SOD in O. anthropi 49237SOD.
Expression of Brucella Cu,Zn SOD in strain 49237SOD was
confirmed by Coomassie blue staining (Fig. 1A) and Western
blot analyses using goat anti-RB51 sera (Fig. 1B) and mouse
anti-SOD sera (Fig. 1C). As shown in Fig. 1C, O. anthropi
strain 49237SOD expressed large amounts of Brucella Cu,Zn
SOD, while O. anthropi strain 49237 alone did not express any
detectable Cu,Zn SOD that cross-reacted with Brucella SOD-
specific antibodies. Since the O antigen of Brucella LPS in-
duces protective antibodies in the mouse model (4), we tested
for possible cross-reactivity between the O antigens of O. an-
thropi and Brucella by using monoclonal antibody Bru38, which
is specific to Brucella O antigen (34). O. anthropi strains 49237,
49237pBB, and 49237pBBSOD and Brucella strain RB51 did
not react with the monoclonal antibody, while the Brucella
smooth strain 2308 reacted strongly with the monoclonal an-
tibody (data not shown) in Western blots, as expected (34).
Western blot analysis using polyclonal antibodies against Bru-
cella strain 2308 LPS also indicated that O. anthropi 49237 or
the recombinant O. anthropi 49237SOD did not contain reac-
tive O antigens (data not shown).

0. anthropi strains 49237 and 49237SOD failed to stimulate
a protective response against virulent Brucella infection. In
experiment 1, none of the mice immunized with O. anthropi
strains were protected against B. abortus strain 2308 challenge
(P > 0.05) (Table 1). As expected, mice immunized with B.
abortus strain RB51 or B. abortus strain RB51SOD demon-
strated 1.5 and 3.0 log,, units of protection, respectively, (P <
0.01 in comparison to mice immunized with saline alone) (Ta-
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TABLE 1. Inability of O. anthropi strains 49237 and 49237SOD to
induce protective immunity against B. abortus strain 2308 challenge

Log,y CFU in

Group Vaccine” spleen (x + SD) P
1 Saline 537=0.19 Control
2 RB51 424 +0.29 <0.05%"
3 RB51SOD 3.01 = 0.34 <0.01s:
4 O. anthropi 49237 5.27 =0.33 >0.05
5 O. anthropi 49237pBB 5.40 = 0.21 >0.05
6 O. anthropi 49237SOD 529 =0.19 >0.05

@ For groups 2 through 6, the dose of vaccine was 5 X 10% CFU.
b and =+, significantly different from the saline group and from each other.

ble 1). In experiment 2, mice were immunized twice with O.
anthropi 49237SOD (5 X 10® CFU/mouse); the booster inoc-
ulation was given 2 weeks after the first immunization. How-
ever, no protection against B. abortus 2308 challenge was ob-
served for these mice (data not shown). Serological studies
indicated that mice immunized with the O. anthropi strains
developed strong antibody responses to O. anthropi and Bru-
cella antigen extracts at 4 and 6 weeks postimmunization, as
detected by Western blot analysis and indirect ELISA (data
not shown). O. anthropi 49237SOD also stimulated a strong
antibody response to purified Brucella SOD, while other strains
did not (Fig. 2). However, O. anthropi 49237SOD stimulated a
mix of immunoglobulin G1 (IgG1) and IgG2a responses to
SOD, while RB51SOD stimulated an IgG2a response exclu-
sively (Fig. 2), suggesting the development of both Thl and
Th2 types of response. Since the dose might play an important
role in directing the development of a predominantly Thl or
Th2 immune response (6, 12, 20), experiment 3 was carried out
to study the effects of different doses of O. anthropi strain
49237SOD on protection. None of the doses used induced
protection (data not shown). The overall data suggested that a
mix of Th1 and Th2 responses was induced after immunization
with the O. anthropi strains and that the Th2 responses might
be interfering with the protective immune mechanisms. We
then hypothesized that switching the observed mixed Th1 and
Th2 responses to a predominantly Th1 response could facili-
tate induction by O. anthropi 49237SOD of a protective im-
mune response against virulent Brucella infection.

0. anthropi strains plus CpG-ODN induced significant pro-
tection against virulent Brucella infection. Vaccination of mice
with a combination of O. anthropi 49237 or 49237SOD and the
immunostimulatory CpG-ODN resulted in significant protec-
tion compared to infection of saline-inoculated controls. (P <
0.01) (Table 2, experiment A). However, O. anthropi strain
49237SOD with CpG-ODN stimulated significantly better pro-
tection than strain 49237 with CpG-ODN (P < 0.05) (Table 2,
experiment A), further confirming that SOD is a protective
Brucella antigen when the right type of immune response is
induced. Stimulation of protective immunity by O. anthropi
strain 49237SOD with CpG-ODN was demonstrated in two
other repeat experiments (Table 2, experiments B and C). In
all experiments, mice inoculated with CpG-ODN alone, E. coli
plus CpG-ODN, O. anthropi 49237 alone, or O. anthropi
49237SOD alone showed no protection.

Addition of CpG-ODN facilitated the development of a pre-
dominantly IgG2a antibody response against Brucella Cu,Zn
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FIG. 2. Comparison of Brucella Cu,Zn SOD-specific IgG, IgG1, and IgG2a responses in sera of mice vaccinated with O. anthropi strain
49237SOD (@) and Brucella RB51SOD (m). Groups of five mice either were immunized i.p. with either O. anthropi strain 49237, O. anthropi strain
49237SOD, B. abortus strain RB51, or B. abortus strain RB51SOD or were inoculated with saline alone. Mice were bled individually at 6 weeks
after immunization, and their serum samples were used for detection of IgG, IgG1, and IgG2a antibodies specific to purified Brucella Cu,Zn SOD
by indirect ELISA. Each serum sample was tested in duplicate. Neither saline, O. anthropi strain 49237, nor Brucella RB51 induced detectable

antibody responses to purified Brucella Cu,Zn SOD (data not shown)

SOD. Mice vaccinated with O. anthropi strain 49237SOD de-
veloped specific antibodies to the B. abortus Cu,Zn SOD an-
tigen which were detectable as early as 2 weeks postvaccina-
tion, and the antibody levels increased at 4 and 6 weeks (data
not shown). Mice vaccinated with O. anthropi strain 49237 did
not develop any antibody response to the SOD antigen, as
expected (data not shown). It was found that addition of CpG-
ODN to the vaccination protocol with strain 49237SOD signif-
icantly suppressed the SOD-specific IgG1 response (P < 0.01)

(Fig. 3 B); the SOD-specific IgG and IgG2a levels remained
primarily unchanged (Fig. 3 A and C).

Addition of CpG-ODN to the vaccination protocol resulted
in increased IFN-y secretion and suppressed IL-4 secretion.
Splenocytes from mice immunized with O. anthropi strain
49237 or 49237SOD produced IFN-y upon stimulation with
heat-inactivated O. anthropi strain 49237 or 49237SOD; how-
ever, splenocytes from mice immunized with O. anthropi strain
49237 or 49237SOD in combination with CpG-ODN produced

TABLE 2. Induction of protective immunity against B. abortus 2308 challenge by immunization with O. anthropi 49237 or
49237SOD in combination with CpG-ODN

Log,, CFU in spleens

Group Vaccine (dose) (x = SD) P
Experiment A
1 Saline 5.31*+0.16 Control
2 CpG-ODN alone 533 +021 >0.05
3 E. coli (1 X 10°) + CpG-ODN 5.28 =0.18 >0.05
4 O. anthropi 49237 (5 X 10%) alone 525 +0.18 >0.05
5 O. anthropi 49237 (5 X 10%) + CpG-ODN 4.04 = 0.95 <0.05*
6 O. anthropi 49237SOD (5 x 10%) 5.25+0.21 >0.05
7 O. anthropi 49237SOD (5 % 10°%) + CpG-ODN 2.30 = 1.01 <0.01%**
Experiment B
1 Saline 5.69 £0.14 Control
2 CpG-ODN alone 5.49 = 0.33 >0.05
3 O. anthropi 49237SOD (5 x 10%) 5.24 = 0.49 >0.05
4 O. anthropi 49237SOD (5 % 10%) + CpG-ODN 373 +1.22 <0.01%**
Experiment C
1 Saline 530 £0.12 Control
2 CpG-ODN alone 528 £0.15 >0.05
3 O. anthropi 49237 (5 X 10%) alone 525 *0.15 >0.05
4 O. anthropi 49237SOD (5 X 10%) 5.25*0.15 >0.05
5 O. anthropi 49237SOD (5 x 10*) + CpG-ODN 2.88 +1.23 <0.01**

“* and **, significantly different from the saline group and each other.
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FIG. 3. Brucella Cu,Zn SOD-specific antibody isotype responses stimulated by O. anthropi strain 49237SOD with (hatched bars)or without
(solid bars) the CpG DNA adjuvant. Groups of five mice were immunized i.p. with O. anthropi strain 49237SOD with or without the CpG DNA
adjuvant. Mice were bled individually at 5 weeks after immunization, and their serum samples were used at a 1:100 dilution for detection of IgG
(A), IgG1 (B), and IgG2a (C) responses to purified Brucella Cu,Zn SOD by indirect ELISA. Each serum sample was tested in duplicate. A
significant difference was shown only in the production level of IgG1 between vaccinations with O. anthropi strain 49237SOD alone and O. anthropi
strain 49237SOD plus CpG-ODN (B) (P < 0.01).

significantly increased IFN-y levels upon stimulation with the nificantly higher IFN-vy levels than splenocytes from mice im-
antigens (P < 0.05) (Fig. 4). When stimulated in vitro with munized with strain 49237 plus CpG-ODN (P < 0.05) (Fig. 4).
heat-inactivated strain 49237SOD, splenocytes from mice im- RBS51 induced a minimum amount of IFN-vy secretion from the
munized with strain 49237SOD plus CpG-ODN produced sig- splenocytes of mice immunized with bacteria only but induced
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FIG. 4. IFN-y production by splenocytes from immunized mice upon in vitro stimulation with different antigens. BALB/c mice were inoculated
i.p. with O. anthropi strain 49237 (5 X 10® CFU/mouse) or recombinant strain 49237SOD (5 X 10* CFU/mouse) with or without CpG adjuvant
as described in the text. Mice were killed after 6 weeks. A total of 5 X 10° splenocytes were isolated and cultured in 96-well plates in triplicate
and stimulated with either heat-inactivated B. abortus strain RB51 (10° CFU/well), O. anthropi strain 49237 (10° CFU/well), O. anthropi strain
49237SOD (10° CFU/well), or purified Cu,Zn SOD. After 5 days, supernatants were collected and tested for IFN-y production by a sandwich
ELISA. Upon stimulation with different antigens, splenocytes from mice immunized with O. anthropi strain 49237 or 49237SOD in combination
with CpG-ODN produced significantly more IFN-y than splenocytes from mice immunized with the respective strains without CpG-ODN (P <
0.05). The heat-inactivated O. anthropi strain 49237SOD stimulated significantly higher IFN-y production by splenocytes from mice immunized
with strain 49237SOD plus CpG-ODN than by splenocytes from mice immunized with strain 49237 plus CpG-ODN (P < 0.05). Stimulations with
heat-inactivated RB51 or purified Cu,Zn SOD also resulted in significant differences in IFN-y production between mice immunized with O.
anthropi strain 49237SOD with and without CpG-ODN coinjection (P < 0.05).
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FIG. 5. IL-4 production by splenocytes from mice upon in vitro stimulation with different antigens. Culturing and stimulation of splenocytes
were performed as described in the legend to Fig. 4. After 4 days, the cultured cells were restimulated with PMA-ionophore for 16 h, and
supernatants were collected and tested for IL-4 production by a sandwich ELISA. Addition of CpG-ODN to the vaccination protocols significantly
decreased IL-4 production compared to that with the protocols without CpG-ODN (P < 0.01). Stimulation with purified Brucella Cu,Zn SOD
produced significantly more IL-4 in the splenocytes of mice immunized with strain 49237SOD alone than in the splenocytes of mice immunized

with strain 49237SOD plus CpG-ODN (P < 0.01).

a large amount of IFN-y secretion from the splenocytes of
mice immunized with bacteria in combination with CpG (Fig.
4). More specifically, in vitro stimulation with purified SOD
stimulated significantly higher IFN-y secretion from the spleno-
cytes of mice immunized with O. anthropi strain 49237SOD plus
CpG-ODN than from the splenocytes of mice immunized with
strain 49237SOD only (Fig. 4).

Since IL-4 cytokine levels in supernatants were too low to
detect, PMA and ionophore were used to trigger IL-4 produc-
tion in the last 16 h of culturing as described previously (35).
As shown in Fig. 5, O. anthropi 49237 or 49237SOD could
stimulate high levels of IL-4 production by splenocytes from
mice vaccinated with O. anthropi 49237 or 49237SOD. Addi-
tion of CpG-ODN to the vaccination protocol significantly
decreased the production of IL-4 (P < 0.01). Interestingly, in
vitro stimulation with RB51 did not lead to production of IL-4
from the splenocytes of mice vaccinated with O. anthropi 49237

or 49237SOD with or without CpG adjuvant (Fig. 5). Stimu-
lation with Brucella Cu,Zn SOD resulted in high levels of IL-4
production from the splenocytes of mice immunized with strain
49237SOD, but none from the splenocytes of mice immunized
with strain 49237SOD plus CpG-ODN (Fig. 5).

Bacterial persistence. To investigate whether there were any
differences in the in vivo survival abilities of O. anthropi 49237
and 49237SOD with or without the CpG adjuvant, clearance of
the bacteria from spleens of immunized mice was assessed. As
shown in Table 3, the CpG adjuvant did not influence the
survival status of O. anthropi strain 49237SOD (P > 0.05). The
spleens of mice in all the groups were free of any bacteria by
day 14 postinoculation. However, O. anthropi strain 49237SOD
survived in greater numbers than strain 49237 at days 5 and 8
postinoculation (P < 0.05), suggesting that SOD facilitated the
survival of O. anthropi strain 49237. Analysis of strain 49237SOD
colonies recovered from spleens of mice at days 5 and 8 posti-

TABLE 3. Clearance of O. anthropi strains 49237, 49237pBB, and 49237SOD with or without CpG adjuvant from mouse spleens

Mean log;, CFU/spleen + SD in mice inoculated” with:

Nq. of da}{s
postinoculation 49237pBB 49237 49237 + CpG 49237SOD 49237SOD + CpG
5 4.08 = 0.36 3.27 = 0.36 3.59 =0.26 491 =033 4.74 = 0.51
8 2.06 = 0.49 2.01 =0.24 211 +0.22 2.89 = 0.26 2.70 = 0.35
14 — — — — —

“ No significant difference was found between O. anthropi strain 49237 alone and 49237 plus CpG-ODN (P > 0.05) or between O. anthropi strain 49237SOD alone
and strain 49237SOD plus CpG-ODN (P > 0.05) at 5 or 8 days postinoculation. However, strain 49237 (or 49237 plus CpG-ODN) had significantly lower CFU than
strain 49237SOD (or 49237SOD plus CpG-ODN) at 5 or 8 days postinoculation (P < 0.05). Clearance of strain 49237pBB was significantly different from that for all
the other groups at 5 days postinoculation (P < 0.05) but different only from strain 49237SOD alone and strain 49237SOD plus CpG-ODN (P < 0.05) at 8 days
postinoculation.

® Inoculation doses, 3.6 X 10% (log,, 8.56) for O. anthropi 49237 and 49237pBB; 2.2 X 10® (log,, 8.34) for O. anthropi 49237SOD. Each of five mice per group were
inoculated i.p.

¢ —, undetectable level (detection limit, 20 CFU/spleen, or log,, 1.3 CFU/spleen).
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noculation indicated that all the bacteria contained the plas-
mid and expressed SOD (data not shown).

DISCUSSION

Many antigens of O. anthropi share immunological cross-
reactivity with those of Brucella. However, neither strain 49237
nor recombinant 49237SOD expressing the protective Brucella
antigen SOD stimulated protection against virulent B. abortus
infection. Analysis of immune responses of mice indicated that
strains 49237 and 49237SOD stimulated a mix of Th1 and Th2
types of responses to the O. anthropi and SOD antigens, as
characterized by IgG1 and IgG2a serum antibody production
and secretion of both IFN-y and IL-4 by in vitro-stimulated
lymphocytes. A predominantly or exclusively Thl type of im-
mune response is usually needed for protection against intra-
cellular pathogens (49). In infection with Leishmania major, it
is well demonstrated that a Th2 type immune response inter-
feres with development of a Thl response and blocks protec-
tion against virulent infection (49). It is known that a Thl
response, and CMI in general, is critical for protection against
Brucella infections (3, 4, 34, 41, 44). Therefore, we hypothe-
sized that the recombinant O. anthropi strain 49237SOD would
stimulate protection against virulent Brucella infection if the
immune response could be switched to an exclusive Th1 type.
This was achieved by use of the DNA adjuvant CpG-ODN,
which is known to favor the development of Th1 responses (9,
10, 49). After switching of immune responses to a predomi-
nantly Thl type, both O. anthropi strains 49237 and 492237SOD
provided protection against Brucella challenge. The recombi-
nant strain 49237SOD gave better protection than strain
49237. These results suggested that the cross-reactive antigens
in O. anthropi can stimulate protection against Brucella infec-
tion if the right type of immune response is induced but that
expression of Brucella SOD enhances this protection.

The CpG motifs have been widely studied as vaccine adju-
vants. Synthetic DNA motifs containing an unmethylated CpG
dinucleotide flanked by two 5’ purines (optimally GpA) and
two 3’ pyrimidines (optimally TpC or TpT) mimic the immu-
nostimulatory effects of bacterial DNA. Due to CpG methyl-
ation and CpG suppression in eukaryotic genomes, these se-
quence motifs are 20 times more common in prokaryotic than
eukaryotic DNA (15, 25). Bacterial DNA or synthetic CpG-
ODN stimulate an innate immune response characterized by
activation of B cells, T cells, and macrophages. Together with
protein-based antigens, in vivo injection of CpG-ODN induces
a Thl-dominant antigen-specific immune response. CpG-
ODN can even switch an antigen-specific Th2-dominant im-
mune response to a Thl-dominant immune response through
increased secretion of IL-12 and IFN-y (10). It has been re-
ported that CpG-ODN triggered protective Th1 responses in a
lethal Th2-driven L. major infection (49). CpG-ODN were
curative even when injected as late as 20 days after lethal L.
major infection, indicating that CpG-ODN reversed an estab-
lished Th2 response (49). It is therefore not surprising that in
our studies CpG-ODN changed the immune responses to O.
anthropi to a Thl type and that consequently immunization led
to protection, since Thl responses are required for anti-Bru-
cella immunity. Our study also suggests that an exclusive Thl
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type of specific immune response is required for protection
against brucellosis.

O. anthropi strain 49237SOD induced an average of 2.1 log,,
units of protection against Brucella infection when coadminis-
tered with CpG-ODN. In three separate experiments, B. abortus
strain RB51 induced only an average of 1.07 log,, units of pro-
tection against Brucella infection. This suggests that vaccination
with O. anthropi strain 49237 SOD plus CpG is more effective
than immunization with strain RB51. The experiments gave ad-
ditional evidence that Brucella Cu,Zn SOD is a protective anti-
gen, since good protection levels were reached when the antigen-
specific immune response was of the correct Thl type. Although
SOD is a protective antigen, vaccination with strain RB51 does
not stimulate an antibody response or a CMI response to SOD
(44), probably due to its low expression level in strain RB51.
However, overexpression of SOD by strain RB51 results in sig-
nificantly higher protection and induction of both antibody and
CMI responses to Cu,Zn SOD (44).

Cu,Zn SOD is an enzyme involved in protecting cells from
exogenous sources of superoxide, such as the oxidative burst of
phagocytes (21). It is therefore often regarded as a virulence
factor in many bacterial pathogens. Overexpression of Cu,Zn
SOD in the attenuated B. abortus strain RB51 does not alter its
in vivo survival ability (44). However, in the present study, we
observed that expression of Cu,Zn SOD in O. anthropi aided in
the in vivo survival of the organism, although both O. anthropi
strain 49237 and its recombinant strain expressing Brucella
Cu,Zn SOD were cleared within 2 weeks postinoculation (data
not shown). This suggests that Brucella Cu,Zn SOD can be
considered a mild virulence factor under the right conditions.
Even so, the fast clearance of O. anthropi strain 49237SOD
makes this organism a potentially good, highly attenuated Bru-
cella vaccine.

Production of IFN-y during a Th1 response is very impor-
tant for protection against virulent Brucella infection (18, 45,
46, 48). IFN-vy activates macrophages and enhances their bac-
tericidal effects through production of reactive oxygen inter-
mediates and nitrogen intermediates (24). It has been shown
that addition of IFN-y in vitro inhibits Brucella replication in
macrophages (24), and injection of recombinant murine IFN-y
in vivo increased the resistance of mice to infection with B.
abortus (36). When endogenous IFN-y was depleted with an
anti-IFN-y monoclonal antibody, increased numbers of B.
abortus were found in the spleens and livers of infected mice
(47). IL-4 is typically produced by Th2 lymphocytes and can
down-regulate the production of a Thl response (5). It has
been shown that vaccination with live Brucella induced IFN-vy-
producing CD4™" Th1 cells, while vaccination with soluble Bru-
cella proteins induced IL-4-producing CD4" Th2 cells (48).
Furthermore, IFN-y-producing CD4* Th1 cells from immu-
nized donor mice were able to mediate resistance against vir-
ulent Brucella challenge, but IL-4-producing CD4" Th2 cells
from immunized mice failed to provide resistance (48). O.
anthropi strain 49237 or 49237SOD immunization was unable
to induce protection and stimulated both antigen-specific
IFN-y and IL-4 production. This finding suggests that the
IL-4-producing Th2 response to Brucella antigens can interfere
with the IFN-y-producing Thl response and prevent protec-
tion against virulent Brucella challenge. On the other hand, as
demonstrated in our study, protection is induced once the
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immune response is directed to an exclusive Thl type, as char-
acterized by a lack of IL-4 secretion and enhanced IFN-y
production by the antigen-specific lymphocytes.

Studies with other intracellular pathogens suggest that an
appropriate dose of vaccine is needed for eliciting an exclusive
Th1 type of protective immune response (6, 20, 26, 27, 32). The
failure of strains 49237 and 49237SOD to induce a predomi-
nant Thl type immune response leading to protection against
a Brucella challenge might be due to incorrect vaccination
doses. However, four different doses of strain 49237SOD were
used in this study and no protection was observed with any of
them. In addition, two immunizations with strain 49237SOD
failed to result in any protection against Brucella infection. In
every case, both Thl and Th2 types of Cu,Zn SOD-specific
immune responses were detected (data not shown). Based on
these findings, it appears that O. anthropi at any given dose can
only stimulate a mixture of Th1 and Th2 responses. This is in
contrast to Brucella, which stimulates a predominantly Thl
type of immune response (2). It would be interesting to identify
the molecular and immunological bases for this difference be-
tween these two genetically closely related bacteria.

The cross-protection strategy has been used in the develop-
ment of experimental vaccines against bacterial pathogens.
Many attenuated bacteria, e.g., the Brucella vaccine strain
RB51 (22), the mycobacterial vaccine strain bacillus Calmette-
Guérin (BCG) (28), Salmonella enterica serovar Typhimurium
(13), and E. coli (19), have been successfully manipulated as
vaccine vectors to express foreign antigens specified by cloned
genes from other pathogens. In addition, some bacteria can be
used directly as vaccines against different bacterial pathogens
for the cross-protection strategy. For instance, active immuni-
zation with either the Smith diffuse strain of Staphylococcus
aureus or a type la strain of group G streptococci protected
against challenge by either the homologous or heterologous
bacterial strains (23). However, our study is distinct in that it
used a nonpathogenic, cross-reactive bacterium as a vaccine
vector to express a protective antigen of a pathogenic bacte-
rium and induced protection against the virulent pathogen only
after directing the immune responses to a Thl type. Ongoing
studies in our laboratory are directed at examining the ability
of O. anthropi strain 49237SOD to induce protective immunity
in domestic animals that are natural target species for brucel-
losis.
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