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Brucella abortus and Yersinia enterocolitica serotype O:9 serologically cross-react in the immune response with the host; there-
fore, our aim was to compare the immune responses to these two pathogens. We selected typical B. abortus and Y. enterocolitica
O:9 strains to study the cytokine immune response and the histopathological changes in livers and spleens of BALB/c mice. The
data showed the cytokine responses to the two strains of pathogens were different, where the average levels of granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), gamma interferon (IFN-�), interleukin-12 (IL-12), and tumor necrosis factor al-
pha (TNF-�) were higher with B. abortus infections than with Y. enterocolitica O:9 infections, especially for IFN-�, while the
IL-10 level was lower and the levels of IL-1�, IL-4, IL-5, and IL-6 were similar. The histopathological effects in the livers and
spleens of the BALB/c mice with B. abortus and Y. enterocolitica O:9 infections were similar; however, the pathological changes
in the liver were greater with B. abortus infections, while damage in the spleen was greater with Y. enterocolitica O:9 infections.
These observations show that different cytokine responses and histopathological changes occur with B. abortus and Y. enteroco-
litica O:9 infections.

Brucella is a Gram-negative bacterial zoonosis pathogen, caus-
ing animal and human infections; the infections in humans

can become chronic, and infected people gradually lose their ca-
pacity to work (1). Based on DNA-DNA hybridization studies, the
genus Brucella comprises a single species, Brucella melitensis, and
the names of five other nomenspecies, i.e., Brucella abortus, B. suis,
B. ovis, B. neotomae, and B. canis were seen as heterotypic syn-
onyms of Brucella melitensis, resulting in the designation of B.
melitensis as a single species comprising 18 biovars. However, the
existing vernacular names for the nomenspecies Brucella meliten-
sis, Brucella abortus, etc., can be retained for nontaxonomic pur-
poses to avoid confusion (2). B. abortus is responsible for bovine
brucellosis, B. melitensis is the main etiologic agent of ovine and
caprine brucellosis, and B. suis is responsible for swine brucellosis.
These three species constitute the major pathogenic brucellae
causing human clinical infections (1). Brucella infections provoke
different kinds of clinical manifestations, e.g., abortion, fever,
headache, general malaise, and damage to the liver, spleen, blood,
and skeleton. The pathogenic mechanisms for these bacteria are
primarily avoidance of killing mechanisms, allowing them to pro-
liferate within macrophages (1).

Yersinia enterocolitica is an important Gram-negative amphix-
enosis bacterium, causing human and animal infections. The dis-
eases caused by pathogenic Y. enterocolitica are primarily human
diarrhea that can lead to systemic diseases, e.g., liver and spleen
abscess, reactive arthritis, and erythema nodosum (3, 4). At pres-
ent, 60 serotypes of Y. enterocolitica have been found, and six bio-
types are classified for this bacterium. The highly pathogenic Y.
enterocolitica bioserotype 1B/O:8 strain is distributed in the Amer-
icas and Japan, while other bioserotypes are less pathogenic or
nonpathogenic and are distributed all over the world (5). In
China, the bioserotype 2/O:9 is the major pathogenic Y. enteroco-
litica type and is considered the typical strain (3, 6).

The pathogenic process of Y. enterocolitica is unusual, with the

organism having tropism for lymphoid tissue and the ability to
invade enteroepithelial cells. In the invasive process, Y. enteroco-
litica selectively invades the Peyer’s patches through M cells, forms
microabscesses with polymorphonuclear leukocytes, and finally
destroys the cytoarchitecture of the Peyer’s patches and then dis-
seminates through the lymphatic vessels (7, 8). This pathogenic
ability is similar to that of B. abortus, which penetrates the mucosal
epithelium and is transported within or outside phagocytic cells to
the regional lymph nodes (1). B. abortus and Y. enterocolitica have
the same O side chains of lipopolysaccharide (LPS), as shown by
high serological cross-reactivity in several studies (9). Because of
the important role of lipopolysaccharide in the cytokine immune
responses of bacterial infections, in this study we performed com-
parisons to further understand whether the lipopolysaccharides of
the two bacteria had major effects on cytokine responses. The
complication of reactive arthritis caused by Y. enterocolitica infec-
tion is similar to that caused by B. abortus infection (10, 11), and
the proinflammatory cytokines play a critical role in pathogenesis
(12). Therefore, the allergy and immune responses of the two
species have similar characteristics. We selected typical B. abortus
and Y. enterocolitica serotype O:9 strains isolated from China and
compared the cytokine immune responses and histopathology in
livers and spleens of infected BALB/c mice.
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MATERIALS AND METHODS
Bacterial strains. B. abortus 2006018 was isolated from a patient in Zhe-
jiang, China. The patient was a cleaning worker for a goat-carrying vehi-
cle. Y. enterocolitica bioserotype 2/O:9 strain Ye8629 was isolated from a
patient.

Animal experiments and cytokine determination. Healthy female
BALB/c mice weighing 18 to 20 g were used. The mice were randomly
divided into groups of five mice each. The mice were injected intraperi-
toneally with 1 ml of bacterial suspension. The experimental groups were
divided into three groups (high, medium, and low) based on the injection
dose for each strain; every group contained 40 mice. Serum was collected
at 3, 6, 9, 12, 15, 24, 48, and 72 h after injection. Each test point was
designated according to the infection dose and time; e.g., for B. abortus,
the high infection dose at 3 h was BH3, the medium infection dose at 3 h
was BM3, and the low infection dose at 3 h was BL3. Likewise, for the Y.
enterocolitica O:9 strain, the high infection dose at 3 h was YH3, etc. Phys-
iological saline solution was injected as the control, and serum was col-
lected at the same time for the control groups.

Suspensions were prepared from B. abortus (2006018) cultured for 24
h on brucella agar at 37°C and from Yersinia (Ye8629) cultured for 24 h on
brain heart infusion agar at 25°C. The McFarland values of the suspen-
sions were adjusted to 1.0 for 2006018 and 1.2 for Ye8629. The suspen-
sions of 2006018 and Ye8629 were serially diluted to 10�6, and plate
counts were performed for each strain. The stock suspension of the bac-
terium was the high dose, the 10�2 dilution was the medium dose, and the
10�4 dilution was the low dose.

Cytokines were determined using the Fluorokine MAP mouse cyto-
kine custom premix kit using a Luminex 100 Analyzer with the X-Y plat-
form (Luminex, Austin, TX). Cytokine levels were analyzed using Flow-
metrix software, Miraibio Masterplex QT2.0 (Luminex, Austin, TX). The
cytokines determined in this study were granulocyte-macrophage colony-
stimulating factor (GM-CSF), gamma interferon (IFN-�), interleukin-1�
(IL-1�), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, and tumor necrosis factor
alpha (TNF-�).

Histopathology. The livers and spleens were collected from the in-
fected mice from the cytokine experiment. Two mice in each group were
anatomized for the two pathogen strains at different times; the liver and
spleen were fixed with 10% neutral formaldehyde solution and then par-
affin sectioned and stained with hematoxylin and eosin (H&E). The his-
topathological changes caused by the two bacterial pathogen strains in the
livers and spleens of the mice were compared.

Statistical analysis. The cytokine levels for each group were expressed
as the mean � standard deviation. When appropriate, the Student t test or
analysis of variance (ANOVA) with the Bonferroni posttest was used for
statistical comparisons.

Animal experiments. The animal experiments in this study were ap-
proved by the animal ethical review committee of the National Institute of
Communicable Disease Control and Prevention, Chinese Center for Dis-
ease Control and Prevention, Beijing, People’s Republic of China.

RESULTS
Cytokines. The plate counts of 2006018 and Ye8629 were, respec-
tively, 73 CFU and 64 CFU for the 10�6 dilution; therefore, the
infection dose with 2006018 for the BH (high infection dose)
group was 7.3 � 108 CFU/ml, that for the BM (medium infection
dose) group was 7.3 � 106 CFU/ml, and that for the BL (low
infection dose) group was 7.3 � 104 CFU/ml. With Ye8629, the
dose for the YH group was 6.4 � 108 CFU/ml, that for the YM
group was 6.4 � 106 CFU/ml, and that for the YL group was 6.4 �
104 CFU/ml. In general, the average levels of GM-CSF, IL-12,
IFN-�, and TNF-� with the B. abortus (2006018) infection were
significant higher than those with Y. enterocolitica (Ye9629), espe-
cially for IFN-�, while the IL-10 level with B. abortus infection was

lower and the levels of IL-1�, IL-4, IL-5, and IL-6 were similar for
the two strains.

(i) GM-CSF. For the 2006018 infection, only the BH9, BH12,
and BH15 groups had statistically significantly higher quantities of
GM-CSF than the control (P � 0.05), and for Ye8629, the quan-
tities of GM-CSF in the YH3 and YH6 groups were significantly
higher than in the control. The high infection dose groups at 3, 6,
9, 12, and 15 h had significant differences in GM-CSF between the
two strains. The GM-CSF level with Ye8629 was higher than that
with 2006018 before 6 h, and then the situation was reversed after
6 h (Fig. 1A).

(ii) IFN-�. The BH9, BH12, BH15, BH24, and BM24 groups
infected with 2006018 showed significant differences for IFN-�
compared to the control, while all the IFN-� values with Ye8629
were not significantly different from that for the control. The high
infection dose groups at 9, 12, 15, and 24 h and the medium in-
fection dose group at 24 h showed a difference in IFN-� between
the two strains. The levels of IFN-� reached a maximum at 9 h and
then decreased gradually, returning to the normal value after 24 h
(Fig. 1B).

(iii) IL-1�. The BH6, BH9, BH12, and BH15 groups infected
with 2006108 and the YH6 and YH9 groups of Ye8629 had signif-
icantly different IL-1� values than the control. In the high infec-
tion dose groups at 6, 9, and 12 h, the IL-1� values were different
for the 2006018 and Ye8629 strains. The IL-1� value with Ye8629
was higher than that with 2006018 before 6 h, and after that the
values with 2006018 were higher than those with Ye8629 (Fig. 1C).

(iv) IL-2. All the values for IL-2 with 2006018 were not sig-
nificantly different from that for the control; however, these
values in YH3, YH6, and YH9 groups infected with Ye8629
were significantly different from that for the control. The IL-2
values in the high infection dose groups at 3, 6, and 9 h with Ye8629
were significantly different from those with the 2006018 strain
(Fig. 1D).

(v) IL-4. The BH3, BH6, BH9, BH12, and BH15 groups in-
fected with 2006018 and the YH3, YH6, YH9, YH12, and YH15
groups infected with Ye8629 had IL-4 levels significantly different
from that for the control. The high infection dose groups for the
two strains were significantly different from each other at 3, 9, 12,
and 15 h; all of the IL-4 cytokine values with 2006108 were higher
than those with Ye8629 (Fig. 1E).

(vi) IL-5. The IL-5 levels in the BH15 and BH24 groups in-
fected with 2006018 and in the YH6, YH9, YH12, YH15, and
YH24 groups infected with Ye8629 were significantly different
from that for the control. The high infection dose groups at 6, 9,
12, and 15 h showed significant differences in IL-5 between the
two strains. The IL-5 values with Ye8629 were higher than those
with 2006018 before 12 h, and then the IL-5 levels with 2006018
were higher than those with Ye8629 (Fig. 1F).

(vii) IL-6. All of the IL-6 values for infections with 2006018 and
the IL-6 values for the YH3, YH6, YH9, YH12, YH15, and YH24
groups infected with Ye8629 were significantly different from
those for the control. In the high infection dose groups at 3, 6 and
12 h, the IL-6 levels were different for the two strains (Fig. 1G).

(viii) IL-10. The BH12, BH15, and BH24 groups infected with
2006018 and the YH3, YH6, YH9, YH12, YH15, and YH24 groups
infected with Ye8629 had significantly different levels of IL-10
than the control group. The levels of IL-10 for the high infection
dose groups at 3, 6, 9, and 24 h were significantly different for the
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FIG 1 Comparison of cytokines induced by the two pathogens in BALB/c mice. (A) GM-CSF; (B) IFN-�; (C) IL-1�; (D) IL-2; (E) IL-4; (F) IL-5; (G) IL-6; (H)
IL-10; (I) IL-12; (J) TNF-�. *, statistically significant difference between the two strains in the high-infection-dose groups (P � 0.05). Œ, statistically significant
difference between the two strains in the medium-infection-dose groups (P � 0.05).
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two strains; the cytokine levels with Ye8629 were always higher
than those with 2006018 (Fig. 1H).

(ix) IL-12. All of the IL-12 values for infections with 2006018
and Ye8629 were significantly different from the control values;
however, only one IL-12 value was shown for the Ye8629 strain. In
the high infection dose groups at 6, 9, 12, 15, and 24 h, the medium
infection dose groups at 15, 24, 48, and 72 h, and the low infection
dose group at 72 h, the IL-12 levels were different for the two
strains; the values with 2006018 were higher than those with
Ye8629 (Fig. 1I).

(x) TNF-�. The BH6, BH9, BH12, BH15, and BH24 groups
infected with 2006018 and the YH3, YH6, and YM3 groups in-
fected with Ye8629 had TNF-� values significantly different from
those for the control. The TNF-� levels in the high infection dose
groups at 3, 6, 9, and 24 h and the medium infection dose group at
3 h were different for the 2006018 and Ye8629 strains (Fig. 1J).

Histopathology. (i) Liver. The pathological effects on the liv-
ers of the BALB/c mice caused by B. abortus infection were ob-
served after 15 h in the high infection dose groups; they included
denaturation of the kytoplasm acidophilia, nuclear fusion, con-
densed nuclei, degradation of the nuclei, liver cell necrosis, and
many distributed focal changes (Fig. 2A). At 24 h, the pathological
changes in the liver were diffused and distributed (Fig. 2B). At 48
h, a large area of histopathological change was observed, and this
was the highest pathological stage (Fig. 2C). The pathological
changes in the liver for the medium and low infection doses of B.
abortus appeared at 48 h; the degree of change was slight and then
disappeared.

For the pathogenic Y. enterocolitica serotype O:9, the patholog-
ical changes in the liver were observed at 3 h for the high infection
dose group. Many focal changes occurred in the liver, including
denaturation of the kytoplasm acidophilia, nuclear fusion, and
condensed nuclei (Fig. 2D). At 12 h, the infections were diffused,
and a large area of pathological change appeared; this was the
highest pathological stage for the infection (Fig. 2E). The patho-

logical changes of the liver for medium and low infection dose
groups of Y. enterocolitica O:9 appeared at 9 h and then decreased.

(ii) Spleen. The pathological changes in the spleen in the high
B. abortus dose groups were observed at 15 h and included lym-
phocyte degeneration, necrosis, and formation of typical “cat
eyes” at the germinal centers (Fig. 3A); the infection persisted at 24
h (Fig. 3B). At 48 h, the degree of change decreased, lymphocyte
degeneration stopped, the medulla of the spleen returned, and the
“cat eye” phenomenon disappeared (Fig. 3C). The degree of the
change for the medium and low infection doses with B. abortus
was slight; the pathological effects appeared at 24 h and then dis-
appeared.

For the Y. enterocolitica serotype O:9 infections, the histo-
pathological changes of the spleen appeared at 12 h for the high
infection dose groups, where lesions similar to those for B. abortus
were observed in the spleen (Fig. 3D); the infection persisted until
48 h. After that, the pathological changes decreased, the medulla
of the spleen proliferated, and the “cat eye” phenomenon disap-
peared (Fig. 3E). For the medium and low infection dose groups
with Y. enterocolitica O:9, slight changes in the spleen appeared at
15 h.

The holopathological effects caused by the two strains were
similar for the liver and spleen infections of the BALB/c mice;
however, the pathological changes in the liver were greater in the
B. abortus infections, while the lesions of the spleen were greater in
the Y. enterocolitica serotype O:9 infections.

DISCUSSION

In our previous study, the cross-reactive immune responses to B.
abortus and Y. enterocolitica serotype O:9 were determined to be
caused by identical 23- to 45-kDa lipopolysaccharides of the O
side chains, a linear polymer of 1,2-linked 4,6-dideoxy-4-forma-
mido-�-D-mannopyranosyl units (9). Because lipopolysaccharide
influences the pathogenic ability and immune reaction to bacte-
rial infections, we assayed the cytokine immune responses to the

FIG 2 Histopathology of the liver in BALB/c mice after infection with the two pathogens. (A) B. abortus infection at 15 h; (B) B. abortus infection at 24 h; (C) B.
abortus infection at 48 h; (D) Y. enterocolitica serotype O:9 infection at 3 h; (E) Y. enterocolitica serotype O:9 infection at 12 h; (F) normal liver tissue. Eyepiece
magnification, �10; objective, �20.
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two pathogens. The data showed a large difference in cytokine
response provoked by the two strains in BALB/c mice; comparing
the cytokine values induced in the high infection dose groups by
the two strains, the average levels of GM-CSF, IFN-�, IL-12, and
TNF-� induced by B. abortus were significantly higher than those
induced by Y. enterocolitica serotype O:9, especially for IFN-�. The
secretion of IFN-� reached a maximum value (19,000 pg/ml) at 9
h after B. abortus infection and then decreased gradually, while the
secretion of IFN-� after infection with Y. enterocolitica O:9 was not
significantly different from that in the control group. B. abortus
infections induced IFN-� levels that were 104 times higher. Several
studies have shown the important roles in infection and immunity
of IFN-� for B. abortus; e.g., high levels of IFN-� were observed in
animal and cell infection models, and IFN-� made a critical con-
tribution in chronic infection by B. abortus, promoting the immu-
nological response of the host, and reducing or eliminating the
pathogens in the tissues and cells (13–19). In abortion caused by B.
abortus, there is a close relationship with high levels of IFN-� (20).
In our study, IFN-� was the most important significant cytokine
for B. abortus infection, and identical results could be found in
other reports. However, those studies were all based on the B.
abortus itself; no comparison with other bacteria was done. There-
fore, we compared cytokine responses induced by different bacte-
ria in our study. Compared with other cytokines, IL-10 levels in-
duced by Y. enterocolitica O:9 were always higher than those
induced by B. abortus; the secretions of IL-1�, IL-4, IL-5, and IL-6
induced by the two strains were not significantly different.

Many studies have reported the major immunogens of B. abor-
tus, where the outer membrane proteins (OMP) were considered
the major protective immunity constituents for this bacterium
(21–25), with secretion of the cytokines being elicited by outer
membrane proteins and not lipopolysaccharides. Our results sup-
port this because if the two strains have the same O side chains of
lipopolysaccharide and the immune responses were caused by
lipopolysaccharide, the same types and levels of cytokine secretion

should be observed. On the contrary, a large cytokine difference
was observed here between the two strains of pathogens; therefore,
the major protective immunogens of B. abortus and Y. enteroco-
litica O:9 were different.

Brucella abortus is intracellular bacterium, which avoids killing
mechanisms and proliferates within macrophages; its ability to
survival in macrophages is considered to be responsible for the
establishment of chronic infections (1). However, Yersinia entero-
colitica is extracellular bacterium, with tropism for lymphoid tis-
sue and resistance to the nonspecific immune response of the host,
especially macrophages and polymorphonuclear leukocytes
(PMN) (7, 8).

In general (26), intracellular bacterial pathogens activate NK
cells and tend to induce a cell-mediated immune response. In this
response, cytokines secreted by CD4	 T cells are important, no-
tably IFN-�, which activates macrophages to kill pathogens. In
contrast, infection by extracellular bacteria induces production of
humoral antibodies, and the humoral immune response is the
main protective response against extracellular bacteria. Typically,
the TH1 profile of cytokines is higher in response to intracellular
pathogens, and the TH2 profile is higher for allergic and extracel-
lular pathogens. The TH1 subset induces mainly IL-2, IFN-�,
TNF-�, and GM-CSF secretion, while the TH2 subset induces
mainly IL-4, IL-5, IL-10, and IL-13. In particular, IL-4 is essential
for the development of the TH2 response, and IFN-�, IL-12, and
IL-18 are all important in the physiology of the development of
TH1 cells. The source of IL-12, one of the key mediators of TH1
differentiation, is typically macrophages or dendritic cells acti-
vated by an encounter with intracellular bacteria, with bacterial
products such as LPS. TH1 development is also critically depen-
dent on IFN-�, which induces a number of changes, including the
upregulation of IL-12 production by macrophages and dendritic
cells. Just as TH1 cells require IL-12 and IFN-�, the generation of
TH2 cells depends critically on IL-4.

Several studies had shown the important roles of the cytokine

FIG 3 Histopathology of the spleen in BALB/c mice after infection with the two pathogens. (A) B. abortus infection at 15 h; (B) B. abortus infection at 24 h; (C)
B. abortus infection at 48 h; (D) Y. enterocolitica serotype O:9 infection at 15 h; (E) Y. enterocolitica serotype O:9 infection at 24 h; (F) normal spleen tissue.
Eyepiece magnification, �10; objective, �20.
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response for B. abortus and Y. enterocolitica infections (15, 27–30),
Cytokines regarded as key players in brucellosis are IL-12, IFN-�,
and TNF-�. IL-12 is a key cytokine produced by B cells and mac-
rophages and leads the TH1 immune response in the host that
ultimately induces the secretion of IFN-� from T cells. For Yer-
sinia enterocolitica, TNF-� acts on various cell types involved in
the host defense mechanisms. It stimulates both macrophage and
PMN microbicidal activity and acts on natural killer cells together
with IL-12 to provoke the release of IFN-� (31). Infection of
monolayers of human colon epithelial cells with invasive bacteria,
including Y. enterocolitica, results in the coordinate expression
and upregulation of a specific array of four proinflammatory cy-
tokines, namely, IL-8, monocyte chemotactic protein-1, GM-
CSF, and TNF-� (32). The same cytokine, IL-6, is also expressed
by freshly isolated human colon epithelial cells and upregulated
upon infection with invasive bacteria, including Y. enterocolitica
(32). It seemed that both B. abortus and Y. enterocolitica had sim-
ilar cytokine response patterns with the hosts; however, little was
known about the comparative degree of response for the two
species.

Our results showed that the cytokine responses provoked by
these two bacteria were in accord with immunological principles.
The secretion of GM-CSF, IFN-�, IL-12, and TNF-� with B. abor-
tus was statistically higher than that with Y. enterocolitica, espe-
cially for IFN-�; therefore, the different cytokine response re-
flected the different growth styles and pathogenic mechanisms of
intracellular and extracellular bacteria. The similar structure of
lipopolysaccharide for O-antigen or other pathogenic character-
istics of the two species may contribute little to the cytokine re-
sponses to the infections.

In our previous research (33), the histopathological changes in
the liver and spleen caused by different pathogenic Y. enterocolitica
strains were similar: necrosis of the liver cells, condensed nuclei,
and degradation were observed in liver, and lymphocyte degener-
ation, necrosis, and formation of typical “cat eyes” were observed
in the spleen. The highly pathogenic Y. enterocolitica strain had a
“cytokine storm” phenomenon, whereas the low-pathogenicity
strains were unable to elicit the storm, showing that this contrib-
uted to the pathogenic abilities of the bacterium. However, in this
study, the same histopathological changes in the liver and spleen
were seen for B. abortus and Y. enterocolitica O:9 infections, and
the typical changes were focused in the high infection dose groups;
the medium and low infection dose groups did not show obvious
changes. The histopathological changes in the liver were greater in
B. abortus infection; the lesions of the liver appeared later but
persisted for a long time and showed significant changes com-
pared to those with Y. enterocolitica O:9. Greater pathological
changes of the spleen were observed for Y. enterocolitica O:9 infec-
tion; the lesions in the spleen appeared synchronous with those for
B. abortus but continued for a long time and were significant.
Therefore, we consider that the histopathological changes caused
by the two species possibly show a preference for tissue selection.
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