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Campylobacter jejuni is a major cause of diarrhea in humans. A mouse lung model of infection was previously
established for C. jejuni. We used this model to study cytokine production in the lungs and correlated it with
pathological changes. C. jejuni strain 81-176 or sterile phosphate-buffered saline was intranasally inoculated
into adult BALB/c mice. The levels of proinflammatory cytokines (gamma interferon, tumor necrosis factor
alpha, interleukin-13 [IL-1f], IL-2) and anti-inflammatory cytokines (IL-4, IL-10), in addition to those of
IL-6, were assessed on days 1, 3, and 5 postinfection by enzyme-linked immunosorbent assay, and the ratios
of proinflammatory cytokines to anti-inflammatory cytokines were calculated. Since IL-6 is unique in that it is
both a proinflammatory cytokine and a TH2 cytokine, it was considered to be both in the determination of these
ratios. The significance of the cytokine levels and ratios were determined by the Mann-Whitney U test (P =
0.05). The induction of proinflammatory cytokines in the lungs of infected mice, as indicated by the cytokine
levels and ratios, coincided with the accumulation of neutrophils and activated macrophages, in addition to the
clearance of the bacterial load and bacteriumlike structures that we have previously shown in the same groups
of mice. This was followed by increased levels of anti-inflammatory cytokines and the resolution of inflamma-
tion and pathology in the lungs. This study demonstrates the dynamics of cytokine production and their
correlation with tissue inflammation and the resolution of infection. This model is useful for further studies

of the pathogenesis of C. jejuni infection and vaccine evaluation.

Campylobacter jejuni is a major food-borne pathogen and
cause of diarrhea worldwide (46, 47). It predominantly pro-
duces inflammatory diarrhea in individuals in developed coun-
tries (50) but produces watery diarrhea in individuals in devel-
oping countries (51). Although C. jejuni infections are not
often associated with a systemic illness, extraintestinal mani-
festations are increasingly being reported, especially in the
immunocompromised population (47). The organism is re-
ported to possess a variety of putative virulence factors, includ-
ing the ability to produce toxins and invade epithelial cells (24,
40, 53). Obviously, both bacterial and host factors contribute to
the differences in the clinical manifestations of the disease in
different populations (53).

Cytokines play an important role in the pathogenesis of the
disease and in immunity to infection. The induction of proin-
flammatory and anti-inflammatory cytokines is important in
determining whether the immune system is successful in pro-
viding protection against specific pathogenic organisms (21,
29). Cytokine responses have been measured in a variety of cell
lines infected with C. jejuni, but such studies cannot represent
the myriad of different cells of the whole animal (4, 5, 22, 25,
26, 33, 45). Mouse intraperitoneal and oral models have been
used to study cytokine responses to C. jejuni (7, 54, 55).
However, these models do not result in disease but result in
colonization only (6). Recently, mice that were NF-kB™/~,
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MyD88 ', IL-10~/~ or that had limited enteric flora were
used to study the pathogenesis of C. jejuni (11, 18, 34, 58).
However, the lack of widespread availability and the high cost
of these models might limit their usefulness.

The mouse intranasal model has been used to study the
pathogenesis and immunity of enteric pathogens, such as Shi-
gella flexneri (41, 52) and Vibrio cholerae (19, 20). This model
has successfully been adapted for the study of C. jejuni infec-
tion by some investigators (7). Of the different strains of mice
tested, the BALB/c mouse was found to be the most suscepti-
ble to C. jejuni infection (7, 49). The lungs and gut are part of
a common mucosal system. It is known that oral infections
induce immunity that protects other mucosal sites, such as the
lungs (30). Recently, we used this mouse lung model to char-
acterize the pathology and ultrastructural lesions in the lung
after infection with C. jejuni (3). There are no data on the
cytokine response to C. jejuni infection and its contribution to
pathogenesis in a suitable animal model. This prompted us to
determine the cytokine responses in the lungs of the same
groups of mice with which pathological studies were done. We
confined our investigation to the local effects of cytokines in
the lungs.

MATERIALS AND METHODS

Mice. Six-week old, female, outbred BALB/c mice from the Animal Resource
Centre, Faculty of Medicine, Kuwait University, Jabriya, Kuwait, were used in
the studies. The mice were housed in cages with sterile bedding made of wood
shavings and were given a standard pellet diet (Special Diet Services, United
Kingdom) and filtered tap water. The studies were conducted according to
institutional guidelines.

Bacteria. C. jejuni 81-176, which caused an outbreak of diarrhea in schoolchil-
dren (31), was kindly provided by P. Guerry, Enteric Diseases Department,
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Naval Medical Research Center, Silver Spring, MD. It was cultured on 7% sheep
blood agar (BA; Oxoid, Basingstoke, Hampshire, England), Campy-BAP agar
(Oxoid), or charcoal agar (Oxoid) by incubation of the plates at 42°C for 48 h in
a microaerobic atmosphere generated with a Campy GasPak system (Oxoid) in
a jar with activated palladium catalyst.

Unless mentioned otherwise, C. jejuni was grown in a microaerobic atmo-
sphere at 42°C.

In vivo passage of C. jejuni 81-176 in mice. It has been found that C. jejuni
81-176 does not cause natural infection in laboratory mice and therefore first
needs to be adapted to establish a consistent infection in mice (7, 16). We did not
succeed in adapting the strain by the intravenous route, as carried out by Bagar
et al. (7), since we failed to recover the organism from the blood after inoculation
(3). Therefore, the strain was passaged four times through the ileal loop and then
three times through the lungs of adult BALB/c mice as follows. C. jejuni was
cultured on BA, suspended in phosphate-buffered saline (PBS; pH 7.2) to ~10'°
CFU/ml, and injected into the ileal loops of fasted adult BALB/c mice. One day
later, the material that accumulated within the loops was injected into other
mice, and this was repeated until the strain underwent four passages (12). Then,
C. jejuni was recovered on Campy-BAP agar and subcultured on BA. This
organism was then passaged through the intranasal route (7). The lungs of 6- to
8-week-old BALB/c mice were collected 24 h postinfection, homogenized in
PBS, and cultured on BA. The resulting growth was then used to inoculate other
mice, and this was repeated until the strain underwent three passages. The lung
homogenates of the last set of mice were plated on BA and charcoal agar to
detect C. jejuni. Colonies identified as C. jejuni were stocked in brucella broth
(BBL, Baltimore, MD) with 15% glycerol (Sigma, St. Louis, MO) at —70°C.

Intranasal inoculation of mice. The mouse-adapted C. jejuni 81-176 isolate
was cultured on BA for 24 h. The growth was suspended in 1 ml of brain heart
infusion broth (Oxoid) supplemented with 1% yeast extract (Becton Dickinson,
Sparks, MD). The suspension was used to inoculate a biphasic medium with a
brain heart infusion agar slant and brain heart infusion broth supplemented with
1% yeast extract for 24 h. The bacteria were pelleted by centrifugation at 2,147 X g
at 4°C for 30 min in a benchtop centrifuge with a 1.19 rotor (GS-6R; Beckman,
Fullerton, CA) and resuspended in PBS (pH 7.2) to yield ~4 x 10° CFU in a
30-pl volume.

Six- to 8-week-old BALB/c mice were anesthetized via an intraperitoneal
injection of xylazine and ketamine (19). The test mice were intranasally inocu-
lated with 30 pl of the C. jejuni culture, and control mice were intranasally
inoculated with an equal volume of sterile PBS (pH 7.2).

Organ harvesting and processing. Our previous studies have shown that the
bacterial inoculum from the lungs is detectable on day 1 but not at subsequent
time points. Intracytoplasmic bacteriumlike structures were observed in the lung
tissues of infected mice on days 3 and 5 but not at subsequent time points. The
histopathological lesions in the lungs were maximal on days 3 and 5 postinfection
(3). Therefore, we decided to study the cytokine levels in the lungs on days 1, 3,
and 5 postinfection. The cytokine levels in four test mice and four control mice
were estimated on each of these days. While the mouse was under anesthesia, the
mouse skin was decontaminated with a 70% alcohol wipe in a laminar-flow hood.
The mouse was then killed by neck dislocation, and the lungs were collected in
preweighed, sterile vials (Eppendorf AG, Hamburg, Germany) and placed on
ice. The weights of the lungs were recorded on a sensitive, electronic top-loading
scale (PJ-400; Mettler, Switzerland).

The lungs were cut into pieces and then homogenized in 1 ml PBS (pH 7.2) in
a pestle and mortar. Triton X-100 solution (Sigma) was added to the homoge-
nates to make a 1% solution. The homogenates were kept on ice for 30 min and
then centrifuged at 19,319 X g at 4°C for 10 min in a Beckman J2-MI centrifuge
with a JA 20.1 rotor (Beckman). The supernatant was stored at —80°C until it
was assayed for cytokines.

Cytokine ELISA. The cytokines in the lungs were assayed by enzyme-linked
immunosorbent assay (ELISA). These included proinflammatory cytokines (tu-
mor necrosis factor alpha [TNF-a], gamma interferon [IFN-vy], interleukin-13
[IL-1B], IL-2) and anti-inflammatory cytokines (IL-4, IL-10), in addition to IL-6.
Antibody-coated ELISA kits for mouse IFN-y, TNF-qa, IL-4, IL-10, and IL-1B
were obtained from Endogen (Pierce Biotechnology, Rockford, IL), and ELISA
kits for mouse IL-2 and IL-6 were obtained from Biosource International (In-
vitrogen, Camarillo, CA). The cytokine levels in duplicate samples were assayed
according to the instructions of the manufacturers. Absorbance values were read
at a \ value of 450 nm with an ELISA reader (Labsystems Multiscan MS,
Finland). The intensity of color in the wells was proportional to the amount of
cytokine present in the sample. Standard curves were plotted for each cytokine
by using reference values, and the cytokine level in the sample was obtained by
extrapolation of the optical density of the sample to the standard curve. The
sensitivities of the assays were as follows: 3 pg/ml for IL-6 and IL-1B, 5 pg/ml for
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IL-4, 8 pg/ml for I1L-2, 9 pg/ml for TNF-«, and 12 pg/ml for IL-10. The cytokine
levels were expressed in pg/100 mg of lung tissue as follows: (pg/ml X volume of
homogenate [in ml])/(weight [in grams] X 10). The following ratios of proin-
flammatory cytokines to anti-inflammatory cytokines were calculated for each
sample: TNF-o/IL-4, TNF-o/IL-10, TNF-o/IL-6, IFN-y/IL-4, IFN-y/IL-10, IFN-
v/IL-6, IL-2/IL-4, IL-2/IL-10, IL-2/IL-6, IL-6/IL-4, IL-6/IL-10, IL-1B/IL-4, IL-
1B/IL-6, and IL-1B/IL-10. It should be noted that IL-6 is an atypical cytokine with
dual functions. It is a proinflammatory cytokine that is important in the TH2
differentiation process (13, 14, 28). In most cases, it is not regarded as an
anti-inflammatory cytokine, even though its anti-inflammatory contributions
have been suggested by some researchers (28, 32, 59). Therefore, we decided to
explore its role in C. jejuni infection by considering its dual role in these ratios
and comparing the trends of the ratios with the trends presented by the ratios of
the other cytokines.

The studies were conducted with a total of 24 mice, half of which were test
animals and the other half of which were controls. Four test mice and an equal
number of control mice were each killed on the required days postinfection (days
1, 3, and 5) for the measurement of cytokine levels. These were the same animals
whose histopathologies were determined previously (3).

Statistical analysis. Since the data were not normally distributed, they were
expressed as the median and the range for each group of mice. The Mann-
Whitney U test was used for nonparametric comparison of the median cytokine
values by the use of SPSS software. Differences were considered significant if the
P value was =0.05.

RESULTS AND DISCUSSION

Mouse lung model of infection. Recovery of the test organ-
ism from the lungs following intranasal inoculation suggests
that the bacteria reached the lungs. A previous study of Baqar
et al. (7) has demonstrated colonization of the lungs for up to
7 days postinfection with C. jejuni strain 81-176 and a mouse
mortality rate of up to 72%, depending on the inoculum size.
However, in our study, the organism was recoverable from the
lungs only on the first day postinfection and there was no
mortality associated with the infection. Differences in the pas-
sage history of the strain (passage in the ileal loop followed by
intranasal passage in our study versus passage by the intrave-
nous route in the study of Baqar et al. [7]) might have influ-
enced the outcome of the resultant infection. Multiple in vitro
passages of C. jejuni are known to affect its colonizing ability
(17). When we received the strain, we did not know its passage
history. Other workers have also noted the rapid clearance
from the lungs of other pathogens, such as a Shigella sp. (52).
Campylobacteriosis in humans is not a lethal infection per se
(48), and a significant proportion of human cases of campy-
lobacteriosis result in mild manifestations or remain asymp-
tomatic (47). Thus, severe illness scores are not a prerequisite
for the model of C. jejuni infection (3).

Even though C. jejuni could not be cultured from the lungs
after the first day of infection in our study, intracytopasmic
bacteriumlike structures were observed in the lung tissues of
infected mice on day 3 and day 5 but not at subsequent time
points. The histopathological lesions were maximal on days 3
and 5 postinfection. The lesions were characterized by the
initial predominance of polymorphonuclear leukocytes, fol-
lowed by the accumulation of macrophages and, later, the
predominance of epithelioid cells. Focal peribronchial pneu-
monia appeared on day 3 postinfection, a granulomalike reac-
tion appeared on day 4 postinfection, and bronchopneumonia
appeared on day 5 postinfection. The lungs of the control mice
showed focal nonexpansion (3).

C. jejuni induces proinflammatory cytokines in the lungs of
infected mice. The levels of TNF-a and IFN-y were signifi-
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FIG. 1. Differences in median cytokine levels in the test mice and the control mice (in pg/100 mg tissue), where the median control levels are
zeros on the y axis. (A) TNF-o, IFN-y, IL-1B, and IL-2; (B) IL-4, IL-6, and IL-10. Each bar represents the values for four test mice compared to
the values for four control mice at that time point. Black bars, white bars, and bars with slanted black lines, data for day 1, day 3, and day 5
postinfection, respectively (*, P < 0.05, Mann-Whitney U test). Error bars represent ranges (maximum or minimum test value minus median

control value).

cantly higher in the test mice than in the control mice on day
1. However, the IFN-vy levels tended to be lower in the test
mice than in the control mice on day 3, and the TNF-« levels
in the test mice tended to be lower than those in the control
mice on day 5 (Fig. 1A). Since bacteria were not detectable in
the lungs after day 1 but the pathology was maximal on days 3
to 5 postinfection, this would indicate that the pathology was
due to inflammation caused by proinflammatory cytokines.
The pathology and the proinflammatory cytokine production
in the lungs of control mice were probably related to the
aspiration of the normal upper respiratory flora (from above
the larynx) and were not related to infection of the mouse
colony (3). This has been observed in other studies, too (19,
52). In support of this, we observed gram-positive cocci and
bacilli representing the normal upper respiratory flora on cul-
ture of mouse lung tissue. The pathology and cytokine produc-
tion in the test mice were therefore due to the combined effects

of both the test organism and the aspirated normal flora.
Therefore, the inclusion of mice to test for the effect of the
aspiration flora alone served as an appropriate control. TNF-a
is mainly produced by activated mononuclear phagocytes and
antigen-stimulated T cells. IFN-y is a major macrophage-acti-
vating cytokine that is produced by activated TH1 cells and
cytotoxic cells as well as by NK cells (49). It is known to induce
the expression of many adhesion proteins on the vascular en-
dothelium to potentiate the function of TNF-a and to promote
T-lymphocyte infiltration at the sites of infection. Thus, the
induction of high levels of TNF-a and IFN-y indicated the
activation of macrophages and TH1 cells and is related to
polymorphonuclear cell accumulation in the lungs of infected
mice. This was followed by the infiltration of activated macro-
phages (3). Similarly, TNF-a and IFN-y were found to be the
major components of the immune response to intranasal in-
fection with V. cholerae and S. flexneri (19, 20, 52).
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Other proinflammatory cytokines were induced at later time
points. In the lungs of the infected mice, the levels of IL-1B
were significantly higher than those in the control mice on days
3 and 5 and the levels of IL-6 were significantly higher than
those in the controls on day 5 (Fig. 1A and B). C. jejuni was
shown to induce the production of IL-1B in monocyte cell lines
(26, 45) and dendritic cell lines (25). IL-1B is produced by a
variety of cells (macrophages, neutrophils, epithelial and en-
dothelial cells) and, together with TNF-a, acts as a mediator of
local inflammation (21, 43, 49), whereby B and T cells are
activated and the cytokine IL-6 is induced (21, 49). IL-1B- and
TNF-a-mediated neutrophil recruitment in the lungs has been
demonstrated previously (49, 57).

It is difficult to determine the source of IL-1p3 in the lungs.
The infiltration of lymphocytes and epithelioid cells (activated
macrophages) and the development of granulomatous lesions
seemed to coincide with the enhanced levels of proinflamma-
tory cytokines, such as IL-1B. This chronic inflammatory re-
sponse correlated well with the persistence of the inflammatory
stimulus caused by the presence of bacteria (prior to day 3) and
bacteriumlike structures (beyond day 3) (3).

IL-6 is an atypical cytokine with dual functions (13, 14, 28,
32). The importance of IL-6 as a proinflammatory cytokine is
suggested by the concomitant increase in the levels of IL-1p.
IL-1B and TNF-a are known to induce the production of IL-6
(1, 21). Thus, it is not unlikely that the production of IL-6 is a
mechanism that perpetuates the inflammatory response to C.
jejuni infection. However, the level of IL-6 increased on day 5,
similar to the levels of other TH2 cytokines (IL-4 and IL-10).
This may indicate its dual role.

Previous studies have indicated that an enterotoxigenic
strain of C. jejuni could stimulate the production of IL-2,
while it lacked the ability to induce the production of mac-
rophage-derived cytokines (38, 39). C. jejuni 81-176 could
induce significantly higher levels of IL-2 in the lungs of
infected mice (on day 1) (Fig. 1A). IL-2 is an immunomodu-
latory cytokine produced by THI1 cells, and its increased
levels indicate enhanced T-cell and B-cell activation. Its
proinflammatory association is suggested by the concomi-
tant increase in the levels of other proinflammatory macro-
phage-derived cytokines, TNF-a and IL-1p, at the same and
later time points, respectively. IL-2 also plays a role in
controlling C. jejuni infection upon rechallenge (8).

The induction of proinflammatory cytokines in the lungs of
infected mice is related to the resulting lung pathology and
bacterial clearance. C. jejuni is known to elicit proinflamma-
tory cytokines, as determined in a number of in vitro studies (4,
5, 23, 25, 26, 45), as well as in intraperitoneal models (2, 38).
The induction of proinflammatory cytokines was associated
with the active invasion of bacteria in tissue culture models (4,
27) and was related to the acute phase of Campylobacter gas-
troenteritis and the associated inflammatory pathology in the
intestine in monkeys (44). Proinflammatory cytokines were
also associated with the acute phase of shigellosis in humans
(43) and the acute phase of inflammatory diarrhea in humans
due to a group of invasive pathogens, including Campylobacter,
although specific data for individual pathogens were not given
(15). Similarly, we observed a correlation between the in-
creased levels of TNF-a and IFN-y and neutrophil accumula-
tion in the lungs of the test mice during the early phase of
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infection. Phagocytic activity might have been occurring on day
1 without the significant production of IL-1B, as demonstrated
by the intraperitoneal inoculation of mice with C. jejuni (38).

At later time points, there were increased levels of IL-1
and IL-6 which coincided with the infiltration of activated
macrophages and lymphocytes, as well as the clearance of the
bacterial load and the appearance of bacteriumlike structures
in the cytoplasm of infected cells. The role of IL-6 in minimiz-
ing intestinal colonization has been demonstrated previously
(8), as it stimulates the production of IL-4 by naive CD4* T
cells, their differentiation into effector TH2 cells, and, hence,
the activation of humoral immunity, including the production
of secretory immunoglobulin A in the intestinal fluid (8, 14).

It is likely that the intracellular bacterial structures (ob-
served on days 3 and 5) might have provided the stimulus for
the production of proinflammatory cytokines. The roles of
lipopolysaccharides and enterotoxins in the induction of proin-
flammatory cytokines have been demonstrated previously (4, 9,
38). These factors might also lead to neutrophil infiltration in
the lungs (49) through the stimulation of IL-1f and TNF-«
(21). Thus, our results indicate that C. jejuni induces proin-
flammatory cytokine production and pathology in the lungs,
similar to the manner in which it has been reported to do so in
the intestine, and suggests the usefulness of the model for
studying the roles of different virulence factors in eliciting
inflammatory cytokine responses.

The induction of proinflammatory cytokines was followed by
enhanced levels of anti-inflammatory cytokine levels in the
lungs of infected mice. The initial induction of proinflamma-
tory cytokines was followed by increased levels of anti-inflam-
matory cytokines IL-4 and IL-10 on days 3 and 5, respectively
(Fig. 1B). In vitro studies previously suggested the ability of C.
jejuni to induce IL-4 and IL-10 from different cell types and
suggested the roles of C. jejuni-induced IL-4 and IL-10 in
controlling the infection (4, 25). These anti-inflammatory cy-
tokines are known to play an important role in the downregu-
lation of inflammatory reactions and host survival during gas-
trointestinal infection (21). Even though the induction of IL-4
and IL-10 did not dampen the levels of IL-1pB, it seemed to
reduce the level of inflammation by reducing the levels of
TNF-a and IFN-y and the accumulation of inflammatory cells
(neutrophils and macrophages) in the lung tissue (38) and
bronchoalveolar lavage fluid (36). This was also correlated with
the apparent clearance of the bacterial load in the lungs and
the gradual clearance of bronchopneumonia. Thus, these cy-
tokines seem to play a role in controlling the inflammatory
response (36), controlling the infection (4), and protecting
against further lung injury (36).

Increased levels of the anti-inflammatory cytokines IL-4 and
IL-10, along with the inflammatory cytokine IL-1B, seemed to
be important in ensuring the effective clearance of C. jejuni and
bacteriumlike intracellular structures. Anti-inflammatory cyto-
kines may serve to control the inflammatory process, while
IL-1B may activate macrophages to clear the phagocytosed
bacterial structures. In addition, the presence of IL-4 and
IL-10 reflected the activation of TH2 cells and B cells, possibly
for the production of the antibodies that are necessary for
future encounters. We did not measure the levels of C. jejuni
antibodies in these mice. The production of antibodies would
confirm the role of anti-inflammatory cytokines in the recovery
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TABLE 1. Summary of histological findings in lungs of test mice and comparison of cytokine levels in the lungs of test and control mice

Histopathology

Median cytokine level (pg/100 mg tissue) in test mice compared
with that in control mice”

Day
postinfection Inflammation Histology Intracellular bacteriumlike  pn\p o fpNey  Tap T2 IL4  IL6 IL-10
structures

1 Interstitial Polymorphonuclear No 1,086* 373*  —42*¢ 37 3,927 =2 113
inflammation cells

3 Peribronchial Macrophages and Yes 76 214 109*  —58* 1,629 -6  —113*
pneumonia epithelioid cells

5 Bronchopneumonia Macrophages and Yes —478 602 85*  —11 9,600  36* 311

epithelioid cells

“ Difference in median test levels from median control levels (pg/100 mg tissue). A minus sign indicates that the median test levels were lower than the median control
levels. An asterisk indicates the median test levels were significantly different from (i.e., significantly higher than or significantly lower than) the median control levels

(P = 0.05, Mann-Whitney U test).

from inflammation and inhibition of further tissue damage, as
suggested by other studies with C. jejuni (4) and a Shigella sp.
(52).

A summary of the correlation between the histopathology of
the lungs and the cytokine levels of the C. jejuni-infected mice
is shown in Table 1.

The cytokine ratios reflected the general trends in the cyto-
kine responses induced by C. jejuni after intranasal inocula-
tion. In an attempt to assess the levels of proinflammatory
cytokines relative to the levels of anti-inflammatory cytokines
and examine the difference between infected mice and the
sham-treated controls, the ratios of proinflammatory cytokines
to anti-inflammatory cytokines were calculated for each
mouse. The differences between the medians of the ratios for
the test group to those for the control group are shown in Fig.
2. Although all ratios showed a similar trend, some of the ratios
(Fig. 2A) indicated a stronger trend than others (Fig. 2B). On
day 1, most of the ratios for the test mice were higher than
those for the controls; some were 2- to 3-fold higher (e.g.,
TNF-o/IL-10 and IFN-y/IL-6), and some were 20-fold higher
(e.g., TNF-o/IL-6). This is indicative of a strong TH1 bias on
day 1.

At later time points, the reduction in the levels of proin-
flammatory cytokines and the increase in the levels of anti-
inflammatory cytokines in infected mice compared to those in
control mice are reflected in the ratios of the proinflammatory
cytokines to anti-inflammatory cytokines (Fig. 2). These ratios
for the test mice became less than those for the control mice,
as demonstrated by the ratios for IFN-y/IL-6 and TNF-o/IL-10
on days 3 and 5 postinfection, respectively, which suggested a
shift to an anti-inflammatory cytokine bias on days 3 and 5.
However, the ratios involving IL-1B (e.g., IL-1B/IL-6 and IL-
1B/IL-10) were lower for the test mice than for the control
mice on day 1 but became significantly higher for the test mice
than for the control mice on day 3 (Fig. 2). This also reflects
the cytokine profile observed on days 3 and 5 postinfection, in
which the IL-1B levels were significantly higher in the test mice
than in the control mice (Fig. 1A).

These ratios also provide a mechanism whereby the contri-
bution of IL-6 to the inflammatory response can be explored.
We decided to consider it in the denominator to identify
whether it indicates trends similar to those for other TH2
cytokines. Indeed, in most cases, the ratios of the proinflam-
matory cytokines to the anti-inflammatory cytokines (e.g.,

TNF-o/IL-10) gave a trend similar to that for TNF-o/IL-6,
suggesting that the overall balance of IL-6 with TNF-a was
similar to that for the other TH2 cytokines. The ratios for IL-6
(IL-6/IL-4 and IL-6/IL-10) were not similar to the ratios for
IL-1B and TNF-a (e.g., IL-1B/IL-10 and TNF-o/IL-10). There-
fore, our ratios presume that the proinflammatory cytokine
IL-6 functions similarly to other TH2 cytokines in this model,
even though IL-6 might not be an anti-inflammatory cytokine
in most cases.

In addition to relating our observation to TH cells, we may
need to extend our observation to other cells of the immune
system, such as NK cells and macrophages, and refer to these
responses as type 1 responses, regardless of whether these
responses arose from T cells or not (56). In fact, our observa-
tion of the production of cytokines at as early as day 1 postin-
fection may suggest the involvement of non-T cells.

Concluding remarks. Our results suggest that C. jejuni in-
duces both proinflammatory and anti-inflammatory cytokines.
The release of proinflammatory cytokines could well explain
the observed neutrophil accumulation, followed by the activa-
tion and recruitment of macrophages into the infected lungs.
This resulted in the apparent clearance of the bacterial load
and the subsequent elimination of intracytoplasmic structures.
In the later phases, the enhanced levels of IL-1-B and IL-6
were overlapped by the production of IL-4 and IL-10, which
might have played a role in inhibiting the production of proin-
flammatory cytokines as well as resolving the inflammation and
pathology in the lungs. This scenario has been suggested by in
vitro work (5) and was similarly shown for human shigellosis
(43). Our findings fit with the inflammatory nature of diarrhea
in human campylobacteriosis in developed countries (10).
However, a comparison with human infections cannot be easily
made due to the absence of data regarding the cytokine re-
sponses in humans with campylobacteriosis.

Many aspects of pathogenesis and immunity to C. jejuni are
poorly understood, due to the lack of a suitable animal model
of human Campylobacter infection (37, 42, 49). Since there are
many inherent histological and immunological similarities be-
tween the lung and the intestine, the mouse lung model has
been used to study the pathogenesis of and immune responses
to a number of intestinal pathogens (7, 19, 52). However, one
dissimilarity between the lung and intestine must be stressed:
whereas the lung is a sterile organ, the intestinal tract is filled
with millions of microorganisms. The presence of microorgan-
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FIG. 2. Differences in median cytokine ratios in the test mice and the control mice, where the median control ratios are zeros on the y axis.
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isms in the intestine might modulate the cytokine response in
that organ. This difference should be kept in mind when par-
allels in the histopathological and cytokine responses in the
lung versus those in the intestine are drawn. The intranasal
model has not been used to study the cytokine responses or the
pathologies caused by C. jejuni infection. Our study has filled
this deficiency. The virulence factors that elicited cytokine pro-
duction in the intranasal model remain to be determined. Sev-
eral studies indicated the roles of lipooligosaccharides and
toxins in pathogenesis (20, 23, 25, 35). This model could be
used to study the roles of cytokines in the pathogenesis of C.

jejuni diarrhea and Guillain-Barré syndrome-related C. jejuni
diarrhea (60) and the specific bacterial antigens that induce the
TH1 and TH2 subsets of lymphocytes.

The model described here is the first whole-animal model of
C. jejuni infection in which the dynamics of a variety of proin-
flammatory and anti-inflammatory cytokines have been inves-
tigated. It augurs well that the profiles of the two categories of
cytokines parallel the histopathological changes in the lung.
This lends credence to the suitability of the model and shows
that proinflammatory cytokines are involved in the induction
of pathology and that anti-inflammatory cytokines are involved
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in its resolution. This model can be used to evaluate C. jejuni
vaccines and their protective effect in controlling the produc-
tion of proinflammatory cytokines, as has been done with a
Shigella sp. (52). We must await the availability of intestinal
models with small animals, such as mice, for validation of the
data obtained with the lung model in this study. Even though
some mouse intestinal colonization models have recently be-
come available (17, 34, 58), these may not be suitable for
cytokine studies, as they are developed with cytokine-knockout
mice.
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