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Human brucellosis can be acquired from infected animal tissues by ingestion, inhalation, or contamination
of the conjunctiva or traumatized skin by infected animal products. A vaccine to protect humans from occu-
pational exposure or from zoonotic infection in areas where the disease is endemic would reduce an important
cause of morbidity worldwide. Vaccines currently used in animals are unsuitable for human use. We tested a
live, attenuated, purine-auxotrophic mutant strain of Brucella melitensis, WR201, for its ability to elicit cellular
and humoral immune responses and to protect mice against intranasal challenge with B. melitensis 16M. Mice
inoculated intraperitoneally with WR201 made serum antibody to lipopolysaccharide and non-O-polysaccha-
ride antigens. Splenocytes from immunized animals released interleukin-2 (IL-2), gamma interferon, and
IL-10 when cultured with Brucella antigens. Immunization led to protection from disseminated infection but
had only a slight effect on clearance of the challenge inoculum from the lungs. These studies suggest that
WR201 should be further investigated as a vaccine to prevent human brucellosis.

Human brucellosis, caused mostly by Brucella abortus, Bru-
cella melitensis, and Brucella suis, can be acquired by ingestion,
inhalation, or contamination of the conjunctiva or traumatized
skin by infected animal products (4). Bacteria spread, presum-
ably via lymphatics and blood (11), from the site of entry to the
reticuloendothelial system. Although generalized symptoms of
fever, sweats, and fatigue are nearly universal in patients with
acute brucellosis, onset can be insidious, and many patients
present with or develop localized foci of infection, especially in
the bones and joints (36). Control of brucellosis in domestic
food animals has markedly reduced the incidence of human
brucellosis in the United States, but the disease represents an
important cause of morbidity worldwide. A human vaccine
would be valuable for individuals who may be occupationally
exposed to brucellae and for persons who consume unpasteur-
ized dairy products from brucella-endemic areas.

Crucial to the development of a human vaccine are attrac-
tive vaccine candidates and a suitable animal model. Live vac-
cines generate higher levels of protection against brucellosis in
animals than do killed vaccines (19). Unfortunately, the ge-
netic basis of attenuation of effective live vaccines for animals
is unknown. Moreover, some of these vaccines (B. melitensis
Rev1 and B. abortus 19) cause brucellosis in humans (28, 36);
another, RB51, has unacceptable antibiotic resistance (26). On
the other hand, an appropriately attenuated and genetically
defined live vaccine may be effective against human brucellosis.
A variant of strain 19 administered by subcutaneous injection
or scarification to at least three million people in the former
Soviet Union is credited with substantial reduction of human

brucellosis in the 1950s (34). Our group previously described a
novel, live, attenuated strain (WR201) derived from B. meliten-
sis 16M by disruption of the purEK operon and replacement
with a kanamycin resistance gene (8). WR201 requires purine
supplementation for growth on minimal medium and fails to
replicate in cultured human monocyte-derived macrophages
(8). After intraperitoneal administration to mice, this strain
colonizes the liver, lung, and spleen, persists in the spleen for
at least 4 weeks, and is cleared from all three organs by 8 weeks
(7). These characteristics suggest that, if sufficiently immuno-
genic, WR201 may be a useful vaccine candidate.

Since Verger (33) reported that mice were resistant to oral
challenge with brucellae, workers have generally used intra-
peritoneal or intravenous routes for challenge infection (25) in
vaccine studies. Vaccine efficacy is conveniently expressed as
the reduction in the number of CFU per spleen in vaccinated
compared to control animals at selected times after challenge
(18). This approach has proven useful to demonstrate the
antibacterial effects of live and killed vaccines, delineate cel-
lular and humoral components of immunity, and support fur-
ther development of vaccines destined for trials in large ani-
mals (25). On the other hand, most Brucella infections are
initiated through mucosal routes (ingestion or inhalation). An
animal model that uses a mucosal challenge route may provide
advantages by allowing investigators to choose which vaccine
candidates should be pursued for trials in nonhuman primates
or humans. In the present report, we show that intraperitoneal
administration of WR201 induces cellular and humoral im-
mune responses. Moreover, this vaccine protects mice against
systemic spread of bacteria following intranasal challenge with
16M and promotes clearance of bacteria from the lung.

MATERIALS AND METHODS

Bacteria and bacterial products. B. melitensis 16M was obtained from Ger-
hardt Schurig (Virginia Polytechnic Institute, Blacksburg, Va.). Strain WR201,
which lacks the entire purE gene and the first seven bases of purK, was derived
from 16M as described (8). Strain WR51 was derived from 16M by replacement
of rfbU, which codes for mannosyltransferase, with a chloramphenicol resistance

* Corresponding author. Mailing address: Department of Bacterial
Diseases, Walter Reed Army Institute of Research, Washington, DC
20307-5100. Phone: (301) 319-9573. Fax: (301) 319-9123. E-mail: david
.hoover@na.amedd.army.mil.

† Present address: Hemagen Diagnostics, Inc., Columbia, MD 21045.
‡ Present address: JVAP, Fort Detrick, MD 21702-5041.
§ Present address: Dugway Proving Grounds, Dugway, UT 84022.

5877



cassette. The resulting strain has a rough phenotype, does not agglutinate with
anti-brucella serum, and yields lipopolysaccharide (LPS) with a pattern after
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining
consistent with absence of O-polysaccharide (OPS) side chains (18a). Bacteria
were stored at 270°C. Before injection into animals, aliquots of 16M or WR201
stocks were grown overnight in shaker flasks in brucella broth at 37°C. Smooth
LPS for target antigen in enzyme-linked immunosorbent assay (ELISA) was
prepared from 16M by a minor modification of the method of Bundle et al. (5).
Briefly, bacterial cells from 48-h shaker flask cultures were extracted with Tris-
buffered (pH 7.2) 2% phenol. After centrifugation to remove bacteria and
extensive dialysis against water to remove phenol, the supernatant was concen-
trated by ultrafiltration, and the crude LPS was pelleted by ultracentrifugation.
Pellets were lyophilized and extracted twice with chloroform-methanol (2:1) then
partitioned between chloroform and water. The water phase was lyophilized and
digested with DNase, RNase, and proteinase K. Purified LPS was pelleted by
ultracentrifugation, resuspended in water, and lyophilized. The 2-keto-3-de-
oxyoctonic acid contents of LPS samples were determined by the method of
Karkhanis et al. (16), and the protein content was determined by using bicin-
choninic acid reagent (27). The yield of purified LPS was 2 to 3 mg per liter of
culture. As another target antigen in ELISA, a whole bacterial lysate (RFBL)
was prepared from WR51. Bacterial cells from broth cultures were killed by
treatment for 16 h with 0.5% phenol at 5°C, were pelleted by centrifugation, were
washed once with water, and were resuspended in a solution containing 0.01 M
Tris, 1% NaCl, and 2% phenol, pH 7.2. After being stirred for 3 days at 5°C, the
suspension was washed again in water, was resuspended in 0.5% Sarkosyl in 0.01
M Tris-HCl buffer (pH 8.5), and was stirred for 60 min at room temperature, and
the cell residue was pelleted by centrifugation. The supernatant fluid was con-
centrated threefold by ultrafiltration on a PM-10 membrane then extensively
dialyzed against a solution containing 0.01 M Tris and 0.1% Sarkosyl, pH 7.5, at
5°C. The final product contained approximately 3.0 mg of protein/ml as esti-
mated by bicinchoninic acid protein assay. Sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis of the protein extract showed multiple protein bands in
the range of 5 to 200 kDa after Coomassie blue staining. Silver stain for LPS also
showed the presence of rough LPS in this preparation. For some experiments,
16M from an overnight broth culture was washed twice in 0.9% saline and was
heated at 65°C for 1 h to prepare heat-killed B. melitensis (HKBM).

Antibody titer. ELISAs were performed in 96-well flat-bottom polystyrene
microtiter plates (Costar, Cambridge, Mass.) by the method of Engvall and
Perlmann (10) with slight modification. Briefly, the wells were coated with 10 mg
of brucella LPS or RFBL in phosphate-buffered saline (PBS) (0.01 M Na phos-
phate, 0.14 M NaCl, 0.02% NaN3, pH 7.4) by adding 100 ml of solution to each
well and then incubating the plate for 3 h at 37°C. Excess binding sites were then
blocked with 1% casein (Fisher Scientific, Columbia, Md.) in PBS at 37°C for 1 h.
The wells were washed with PBS between steps to remove unbound material.
The antigen-coated plates were incubated with serial twofold dilutions of primary
antibodies for 16 h at room temperature (25°C). The plates were then incubated
with phosphatase-labeled goat anti-mouse immunoglobulins (Kirkegaard and
Perry Laboratories, Gaithersburg, Md.) for 20 h at room temperature. Disodium
p-nitrophenylphosphate (Sigma Chemical Corporation, St. Louis, Mo.) at a con-
centration of 1 mg/ml (in 1 M diethanolamine buffer containing 1 mM MgCl2,
pH 9.8) was used as substrate. Absorbance was read at 410 nm (A410) on a plate
reader (Dynatech, Alexandria, Va.). Antibody titers were calculated by using the
dilution of serum that gave an A410 reading nearest to 0.5 (which falls within the
linear part of the optical density [OD] dilution curve). The titer, expressed in OD
units, was obtained by multiplying the reciprocal dilution of the serum by the
actual A410 at that dilution.

Determination of splenocyte cytokine production. Individual spleens from four
naive control mice or animals immunized 9 weeks previously were ground lightly
with the frosted ends of two glass slides. After lysis of erythrocytes by suspension
in 8.3 g of NH4Cl per liter of 0.01 M Tris-HCl, pH 7.5 (red blood cell lysing
buffer; Sigma), cell suspension was washed in RPMI 1640 medium and was
adjusted to 2 3 106 cells/ml of medium containing 10% heat-inactivated (56°C
for 30 min) fetal bovine serum, 5 3 1025 M 2-mercaptoethanol, and 50 mg of
gentamicin per ml. Two milliliters of cell suspension was cultured with 2 mg of
concanavalin A (ConA) per ml, 108 HKBM cells, or 2 mg of RFBL in 16-mm-
diameter wells in a tissue culture plate. Cells in control wells received medium
only. After 24 to 72 h, cell suspensions were filtered through a 0.22-mm-pore-size
filter to remove cell debris and to ensure sterility. Filtrates were analyzed by
ELISA for interleukin-2 (IL-2), IL-10, and gamma interferon (IFN-g) using
monoclonal antibody pairs and protocols obtained from Pharmingen (San Diego,
Calif.). Preliminary studies indicated that IL-2 and IFN-g contents of filtrates
peaked at 24 h, and IL-10 content peaked at 48 h. Filtrates from these time
points were used in the present study.

Immunization and challenge of mice. Groups of female BALB/cJ mice (Jack-
son Laboratories, Bar Harbor, Maine) were immunized by intraperitoneal ad-
ministration of 105 WR201 cells. Nonimmunized, control mice received 0.9%
NaCl intraperitoneally. Nine weeks later, after the immunizing inoculum had
cleared from tissues, animals were anesthetized with 0.3 mg of xylazine and 1 mg
of ketamine and were then inoculated intranasally with 104 CFU of 16M in 30 ml
of 0.9% NaCl, administered dropwise into the external nares with a micropipette.
In selected experiments, mice from immunized and nonimmunized groups were
euthanized by CO2 inhalation prior to challenge in order to obtain sera to test

antibody and spleen cells for cytokine production in response to LPS or RFBL.
At various times after challenge, animals were euthanized, serum was collected,
and spleen, lungs, and/or liver were removed. Organs were suspended in 1 ml of
0.9% NaCl and individually homogenized in tissue grinders. One-half milliliter of
neat homogenates and 10 ml of serial 10-fold saline dilutions of homogenates
were cultured on brucella agar. After incubation for 3 to 5 days at 37°C, the
number of brucella colonies was enumerated and expressed as CFU per organ.

Statistical methods. Data reported from lung tissue harvested soon after
infection, in which the majority of organs were infected, were expressed as mean
log CFU 6 standard deviations (SDs) for each group, and the significance of
differences between groups was analyzed by Student’s t test. For this purpose,
culture-negative organs were assigned a value of 1 CFU. At later time points,
when numerous culture-negative spleens were obtained from immunized ani-
mals, log CFU data from spleens were presented graphically and analyzed de-
scriptively. At these time points, the proportion of infected spleens in immunized
versus nonimmunized groups was analyzed using Fisher’s exact test. Correlation
between anti-LPS immunoglobulin G (IgG) and anti-RFBL IgG was determined
by using the regression module from Excel 98 (Microsoft Corporation, Seattle,
Wash.).

RESULTS

Humoral and cellular immune responses. Immunization
with WR201 led to antigen-specific T-cell responses (Fig. 1).
Spleen cells obtained 9 weeks after inoculation of mice with
WR201 produced IL-2, IL-10, and IFN-g in response to RFBL.
These responses were significantly greater (P , 0.02, P , 0.04,
and P , 0.01, respectively) than those of spleen cells from
nonimmunized, noninfected control mice. HKBM induced
similar trends in cytokine production, but the difference be-
tween immune and nonimmune cells was significant (P , 0.02)

FIG. 1. Production of cytokines by splenocytes from noninfected mice im-
munized with WR201 9 weeks previously (striped bars) or from noninfected,
nonimmunized mice (stippled bars). Splenocytes were cultured for 24 h (IL-2
and IFN-g) or 48 h (IL-10) with medium, 2 mg of ConA, heat-killed 16M (HK),
or 2 mg of RFBL per ml. Cytokine levels (mean 6 SD) in culture supernatant
fluids from cells of individual mice (n 5 4) were determined by ELISA. One of
three separate experiments with similar results is depicted.
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only for induction of IL-2. ConA-induced production of all
three cytokines was similar in immune and nonimmune cells.

Mice immunized with WR201 also made anti-Brucella serum
antibody. Sera obtained from immunized animals from 1 to 8
weeks after intraperitoneal administration of WR201 showed a
rise in both anti-LPS and anti-protein IgG by week 4 (Fig. 2).
These responses were sustained at week 8 (Fig. 2), and, in
other experiments, these responses were sustained in samples
taken just prior to challenge at week 9 (data not shown).

Protection against intraperitoneal challenge. To determine
whether these immune responses were associated with protec-
tive efficacy, we challenged WR201-immunized mice with 16M
using two different routes of inoculation and evaluation time-
tables. First, in a preliminary experiment, two groups of eight
mice that had been intraperitoneally inoculated with either
WR201 or saline 9 weeks previously were inoculated intraperi-
toneally with 16M. The numbers of bacterial CFU in the
spleens of groups of two or three mice were determined at 1,
2, and 4 weeks after inoculation. At each time point, immu-
nized mice had significantly (P , 0.05) fewer splenic brucellae
than nonimmunized animals (Fig. 3). The reduction in the
number of CFU per spleen in immunized animals ranged from
4.4 log units at week 1 to 1.4 log units at weeks 2 and 4. This
experiment indicated significant antibacterial activity following
immunization.

Effect of immunization on lung infection after intranasal
challenge. Since most human and ruminant infections occur
primarily via mucosal routes, including the respiratory and
gastrointestinal tracts, we used a recently developed model of
intranasal infection with 16M (32a) to test protection against
systemic infection. In this model, 16M administered intrana-
sally at 103 or 105 CFU/mouse infects 100% of mouse lungs
and spreads to the spleen in 1 to 2 weeks. Administration of
103 CFU of 16M leads to the infection of 50% of spleens;
administration of 104 CFU leads to the infection of approxi-
mately 90% of spleens. By 4 weeks postinfection, the propor-
tion of animals that remain infected in the lung declines, but
the proportion of animals infected in the spleen remains con-
stant from 4 through 12 weeks. For the present study, we
examined the effect of immunization with WR201 on early
pulmonary and late splenic infection after intranasal challenge
with 104 CFU of 16M. This inoculum, 10 times the dose that

leads to spleen infection in 50% of mice, consistently led to
splenic infection in at least 80% of nonimmunized animals by
2 weeks. Five experiments, denoted A to E, variously focused
on early or later time points; some included both. At early time
points (#4 weeks) after infection, there were consistent ten-
dencies toward reduced CFU and lower percentages of infec-
tion in lungs from mice immunized with WR201 compared to
mice that had received saline intraperitoneally (Table 1). At
only 3 of 10 separate data points, however, were differences in
lung CFU between immunized and nonimmunized mice sta-
tistically significant.

Effect of immunization on disseminated infection after in-
tranasal challenge. Immunization with WR201 had a much
more obvious effect on the dissemination of brucellae from
lungs to spleen. In every experiment, at all time points, the
proportion of infected spleens was lower in immunized than in
nonimmunized animals (Table 2). Although the number of
CFU per infected spleen was often less in the immunized
group, substantial overlap in CFU per infected spleen between
immunized and nonimmunized animals also frequently oc-

FIG. 2. Production of antibody during the course of WR201 infection. Mice were inoculated with 105 CFU of WR201, and blood was collected at the indicated time
points for determination of anti-LPS (A) or anti-RFBL (B) antibody by ELISA. Sera from five mice were pooled for each time point. Error bars denote SD. OD units
represent the dilution of serum required to give an A410 of 0.5 (approximately the half-maximal value of the OD-serum dilution curve). Nonimmunized mice made no
antibody at any time (not shown).

FIG. 3. Colonization of spleen after intraperitoneal inoculation of 16M. Im-
munized mice (striped bars) received WR201. Nonimmunized animals (stippled
bars) received saline intraperitoneally 9 weeks before intraperitoneal challenge
with 105 16M. Spleens were harvested at the indicated time points, and number
of CFU was determined in disrupted tissue by serial dilution and plating.
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curred. Figures 4 and 5 show the number of CFU per spleen
from individual mice from the three experiments (A, D, and E)
in which spleens were harvested at least 4 weeks after chal-
lenge. In experiment E and at the 12-week time point in ex-
periment A, the number of CFU in infected spleens was
smaller in the immunized animals. On the other hand, in ex-
periment D and at the 8-week time point in experiment A,
considerable overlap in number of CFU per infected spleen
between immunized and nonimmunized animals occurred,
even though at each point the proportion of infected spleens
was lower in the immunized group. When data from all five
experiments were pooled, they demonstrated significant pro-
tection from disseminated infection at all time points after the
first week (Table 3). Protective efficacy {100 3 [(1-number of
infected immunized animals)/(1-number of infected nonimmu-
nized animals)]} ranged from 50 to 70%.

Serum antibody to LPS and RFBL after challenge. Serum
anti-LPS and anti-rough cell lysate antibody did not change
during the 2 weeks following intranasal challenge (data not
shown). Mice previously immunized with WR201 maintained
their prechallenge levels, and nonimmunized mice did not
mount a detectable antibody response to either antigen in the
first 2 weeks. In two separate experiments, we compared anti-
LPS IgG and anti-RFBL IgG in sera collected from individual
WR201-immunized mice from 1 to 14 days postchallenge with
16M (Fig. 6). In both experiments, anti-LPS levels significantly
(P , 0.001 and P , 0.002) correlated with anti-RFBL levels.
Antibody levels did not correlate with numbers of CFU per
lung from these animals, although a trend toward increased
anti-LPS or anti-RFBL antibodies in animals with fewer lung
CFU was observed in one experiment (data not shown).

DISCUSSION

These studies demonstrate that mice immunized with
WR201, a purine-auxotrophic mutant of B. melitensis, resist
challenge with a virulent strain. This resistance was observed
whether animals were challenged mucosally through the nose
or by a traditional nonmucosal, intraperitoneal route. Immu-
nization with WR201 protected against intraperitoneal chal-
lenge (Fig. 3), reducing splenic CFU by 4.4 to 1.4 log units over

the 4-week time period studied. The degree of reduction in
CFU induced by immunization with WR201 was greatest at
early time points. This observation is consistent with a previous
study in mice immunized with B. abortus 19 and challenged at
least 6 weeks later with B. abortus 2308 (18). In contrast, a
recent study using CD1 mice immunized with B. abortus 19 or
B. melitensis Rev1 30 days before challenge with B. abortus 544
or B. melitensis H38 demonstrated persistent vaccine efficacy
when numbers of spleen CFU were determined 2 or 8 weeks
after challenge (32). WR201 may be less virulent and less
persistent than Rev1 and hence may induce a weaker immune
response than Rev1. This possibility is suggested by the com-
parison of survival curves from our previous study (7) to those

TABLE 1. Lung infection in mice immunized with WR201 and challenged 9 weeks later intranasally with 16Ma

Experiment No. of days after
infection

No. infected/no. challenged
after immunization withb:

Log CFU/lung (mean 6 SD) after
immunization with: P valuec

Saline WR201 Saline WR201

A 1 15/15 15/15 3.0 6 0.20 2.1 6 0.28 ,0.001
3 15/15 15/15 2.2 6 0.73 1.9 6 0.37 0.28d

7 14/15 12/14 1.9 6 0.81 1.8 6 1.03 0.68d

B 1 5/5 5/5 2.7 6 0.64 2.6 6 0.26 0.55d

3 5/5 4/5 2.6 6 0.49 1.6 6 1.02 0.1d

14 4/5 3/4 2.6 6 1.52 1.9 6 1.28 0.43d

C 1 5/5 5/5 4.5 6 0.17 2.8 6 0.29 ,0.001
3 4/4 5/5 3.1 6 1.15 2.7 6 0.95 0.57d

7 5/5 4/5 3.1 6 0.92 1.7 6 1.11 0.062d

14 5/5 2/5 3.45 6 1.40 0.8 6 1.10 0.01

D 28 6/10 1/10 3.6 6 1.09 4.13

a Mice were immunized with WR201 or sham immunized with saline and challenged with 104 CFU of 16M intranasally. Animals were euthanized at various times
after infection for determination of number of lung bacterial CFU.

b Limit of detection 5 2 CFU.
c Student’s t test.
d Not significant.

TABLE 2. Spleen colonization in mice immunized with WR201
and challenged 9 weeks later intranasally with 16Ma

Experiment
No. of

weeks after
infection

No. infected/no.
challenged after

immunization with: P valueb

Saline WR201

C 1 2/5 1/5 0.99c

2 5/5 2/5 0.17c

B 2 4/5 1/4 0.21c

E 4 6/7 2/8 0.041

D 4 8/10 2/10 0.023
8 6/10 4/10 0.66c

13 8/10 4/10 0.17c

A 8 15/15 2/15 ,0.001
12 14/15 7/15 0.014

a Mice were immunized with WR201 or sham immunized with saline and
challenged with 104 CFU of 16M intranasally. Animals were euthanized at
various times after infection for determination of number of splenic bacterial
CFU. Limit of detection 5 2 CFU.

b Fisher’s exact test.
c Not significant.
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from the work of Tibor et al. (32) and could be addressed by
direct comparative studies.

The predominant mechanism by which WR201 induces im-
munity is unknown. Studies by a number of investigators (1, 3,
14, 18, 23, 24, 35, 38) have shown that the adoptive transfer of
immune CD4, CD8, or mixed T cells and the passive transfer
of the anti-OPS antibody from immunized mice to naive ani-
mals all mediate an antibacterial effect in animals challenged
with strains that express OPS. Our demonstration of WR201-
induced antibacterial immunity against intraperitoneal chal-
lenge is consistent with our finding that immunization with this
live, attenuated, strain induces both humoral (anti-OPS and
antiprotein antibody) and cellular (production of IL-2 and
IFN-g) immune responses. The studies reported here comple-
ment and extend those of Olsen et al., who showed that lymph
node cells from goats infected with WR201 proliferate in re-
sponse to protein fractions derived from 2308 (21). Antigen-
specific lymphoproliferation and production of IL-2 and IFN-g
both reflect responses of sensitized T cells that should augment
defense against Brucella. On the other hand, elicitation by
bacterial lysate of IL-10 production in cells from immunized
as well as nonimmunized mice may counterbalance this effect.
A number of studies have demonstrated antagonistic roles
of these two cytokines in murine brucellosis. Administration of
IFN-g, which enhances macrophage brucellacidal activity in
vitro (13), ameliorates infection in mice (29). Conversely,
treatment with anti-IFN-g worsens infection (37), and IFN-g-
knockout mice die when challenged with Brucella (2). IL-10,

which inhibits macrophage brucellacidal activity and brucella-
induced secretion of IFN-g by cultured splenocytes, also en-
hances Brucella survival in vivo (12). The administration of live
(20) or dead (31) brucellae to mice leads to the production of
both IFN-g and IL-10 at an early time point, before the onset
of specific immunity. We have not determined which cell type
produced IL-10 in our studies; B cells, T cells, and mononu-
clear phagocytes all have that capability (17). The enhance-
ment of IL-10 production in RFBL-stimulated cells from im-
munized animals could reflect counterregulation driven by
increased IFN-g by specifically sensitized lymphocytes. Alter-
natively, it may reflect antigenic stimulation of specifically sen-
sitized Th2-type cells to make IL-10. The ability of RFBL to
induce IL-10 production by splenocytes from nonimmunized
animals, however, suggests that a portion of the IL-10 response
reflects nonspecific stimulation by brucella components. It is
likely that this induction of IL-10 production plays a role in the
survival of brucellae during natural infection and may also
reduce the immunogenicity of live, attenuated vaccines by in-
hibiting robust development of a Th1-type response. A vaccine
that selectively induced cells to make IFN-g or failed to induce
production of IL-10 might be more protective than our current
candidate.

The intranasal challenge model we have focused on in this
report raises interesting issues about the compartmentalization
of the immune response, since it permits examination of the
frequency and intensity of infection at a portal of entry as well
as at a distant site. There are at least four aspects of defense

FIG. 4. Effect of immunization on spleen colonization after intranasal challenge with 16M (experiment A). Mice were immunized intraperitoneally with WR201
(striped bars) or sham immunized with saline (stippled bars). Nine weeks later, all animals were challenged with 104 16M. Spleens were harvested at the indicated time
points, and number of CFU was determined in disrupted tissue by serial dilution and plating. Each bar indicates CFU from an individual mouse. Limit of detection
was 2 CFU/spleen.

VOL. 67, 1999 VACCINATION WITH WR201 5881



that we can evaluate. The first phase, colonization of the lung
immediately after challenge, was not consistently affected by
vaccination. The next phase, clearance of bacteria from the
lung, was probably enhanced by immunization, although the
magnitude of this effect was small and only reached statistical
significance in a minority of experiments. The mechanism of
this effect is unknown, but it could involve antibody-mediated
antibrucella processes such as complement-dependent bacte-
rial killing (6), antibody-dependent cellular cytotoxicity, or en-
hanced phagocytosis with killing by activated macrophages (9,
15). Cytotoxic T cells (20) or increased macrophage microbi-
cidal capability induced by Th1 cytokine release from sensi-
tized T cells (13) could also mediate enhanced clearance. The
third phase, prevention of the spread of bacteria from lung to
spleen, could be influenced by the same factors that enhance
clearance from the lungs. Serum antibody might play an im-
portant role in this process. In studies of localization of live
B. abortus 544 to popliteal lymph nodes after injection of or-

FIG. 5. Effect of immunization on spleen colonization after intranasal challenge with 16M (experiments D and E). Mice were immunized intraperitoneally with
WR201 (striped bars) or sham immunized with saline (stippled bars). Nine weeks later, all animals were challenged with 104 16M. Spleens were harvested at the
indicated time points, and number of CFU was determined in disrupted tissue by serial dilution and plating. Each bar indicates CFU from an individual mouse. Limit
of detection was 2 CFU/spleen.

TABLE 3. Summary of all experiments of spleen colonization
in mice immunized with WR201 and challenged

9 weeks later intranasally with 16M

No. of
weeks after

infection

No. infected/no. challenged (%)
after immunization witha: P valueb

Saline WR201

1 2/5 (40) 1/5 (20) 0.99c

2 9/10 (90) 3/9 (30) 0.020
4 14/17 (80) 4/18 (20) 0.006
8 21/25 (80) 6/25 (20) ,0.001
12 or 13 22/25 (90) 11/25 (40) 0.002

a Mice were immunized with WR201 or sham immunized with saline and
challenged with 104 CFU of 16M intranasally. Animals were euthanized at
various times after infection for determination of number of splenic bacterial
CFU. Limit of detection 5 2 CFU.

b Fisher’s exact test. Data are pooled from experiments A through E.
c Not significant.
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ganisms into footpads, prior administration of immune serum
prevented dissemination to the spleen (22, 24). Similarly, Su-
litzeanu (30) demonstrated that antibodies direct the local-
ization of intraperitoneally administered B. abortus 2308 to
mesenteric lymph nodes and limits dissemination to liver and
spleen. Our studies do not exclude an effect of cell-mediated
host defenses on either clearance or prevention of dissemina-
tion of infection. A fourth phase of antibrucella activity, re-
duction of numbers of CFU and elimination of those bacteria
that arrived in the spleen, was not consistently observed in this
study. The number of CFU per infected spleen of individual
animals within groups of immunized mice often overlapped the
number of CFU per infected spleen in animals from the non-
immunized groups. Whether the mechanisms leading to recov-
ery from infection are different from those that limit dissemi-
nation is unknown. Of note, IFN-g-knockout mice fail to
control bacterial replication after intraperitoneal inoculation
of B. abortus and eventually die from infection (2). This ob-
servation suggests that cell-mediated mechanisms play a major
role in the elimination of brucellae from reticuloendothelial
organs. The failure of immunization with WR201 to enhance
elimination from the spleen suggests that the Th1-type re-
sponse we documented by measurement of IFN-g was not
sufficiently robust to mediate bacterial clearance from reticu-
loendothelial organs, although it may have been sufficient to
increase the rate of clearance from lungs. As discussed above,
a vaccine strategy that minimizes the induction of IL-10 or
promotes the production of IFN-g might enhance recovery
from disseminated infection if bacteria overcome the barrier
effects of immunization and spread to the spleen and other
reticuloendothelial organs. We are examining oral immuniza-
tion and combinations of live, attenuated vaccines with LPS-
based immunization to address this possibility.
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