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Abstract

Campylobacter jejuni, a gram-negative spiral shaped
bacterium, is a frequent cause of gastrointestinal food-
borne illness in humans throughout the world. Illness
with C. jejuni ranges from mild to severe diarrheal
disease. This article focuses on Campylobacter
virulence determinants and their potential role in the
development of C. jejuni-mediated enteritis. A model
is presented that diagrams the interactions of C. jejuni
with the intestinal epithelium. Additional work to
identify and characterize C. jejuni virulence
determinants is certain to provide novel insights into
the diversity of strategies employed by bacterial
pathogens to cause disease.

Introduction

The genus Campylobacter contains 14 species of which
C. jejuni, C. coli and C. fetus are the most frequently isolated
from humans. Campylobacter species are gram-negative
rods that have curved or spiral morphology and are motile
by means of unipolar or bipolar flagella. They grow best in
microaerophilic atmosphere at temperatures ranging from
37 to 42°C. The genome of Campylobacter jejuni is roughly
1.6 to 1.7 Mbp with a GC ratio of approximately 30% (Owen
and Leaper, 1981). Extrachromosomal elements including
plasmids and bacteriophages have also been detected in
Campylobacter sp. (Bradbury et al., 1983; Bacon et al.,
2000).

The illness associated with Campylobacter infections
ranges from mild to severe diarrheal disease, with stool
specimens often containing blood and leukocytes. Other
symptoms include fever, nausea and abdominal pain. The
incubation period of Campylobacter enteritis ranges from
two to seven days and the illness is often self-limiting. In
severe cases, patients are treated with erythromycin.
Experimental C. jejuni infections in humans have revealed
that a low dose of organisms (500-800) is sufficient to cause
diarrhea and that the numbers of individuals who incur the
disease increases with higher doses (Black et al., 1988).
The most notable complication of C. jejuni infections is the
development of Guillain-Barré syndrome (GBS), an acute

demyelinating polyneuropathy. Development of GBS
follows gastrointestinal disease and is characterized by
flaccid paralysis. O-side chain serotyping studies have
revealed that certain Campylobacter serotypes are linked
to GBS. Most GBS cases in the United States occur after
an infection with serotype O:19. However, other C. jejuni
serotypes have also been identified in association with GBS
including O:1, O:2, O:2/44, O:4 complex, O:5, O:10, O:16,
O:23, O:37, O:41, O:44 and O:64 (Reviewed in (Nachamkin
et al., 1998); (Prendergast et al., 1998)).

The ecologic cycle of C. jejuni involves water, animals
and food (Figure 1). Infection with C. jejuni is most
frequently acquired from the consumption and handling of
chicken. Infections also occur from drinking unpasteurized
milk and contaminated water. The majority of C. jejuni
infections are sporadic in nature (Friedman et al., 2000).
Despite this, C. jejuni is the leading cause of bacterial
gastroenteritis in the United States with an estimated 2.4
million cases per year (Allos and Blaser, 1995; Altekruse
et al., 1999; Allos, 2001). The incidence of C. jejuni
infections in the United States is higher during the late
summer and early fall with few cases occurring throughout
the year (Allos and Blaser, 1995). C. jejuni affects all age
groups but infants and young adults have the highest
reported rates of infection (Allos and Blaser, 1995).

In this article, we focus on C. jejuni virulence
determinants and their potential role in the development
of C. jejuni-mediated enteritis. In the past decade, there

Figure 1. C. jejuni infections are commonly acquired by handling and
consuming undercooked chicken, and drinking unpasteurized milk and
polluted water. Human illness with C. jejuni ranges from mild to severe
diarrheal disease, the latter of which is characterized by the presence of
blood and leukocytes in stool specimens.
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has been an explosion of new information as researchers
have begun to study the molecular basis of C. jejuni
pathogenesis. While a clear picture of C. jejuni virulence
determinants and their role in disease has yet to emerge,
research in this area is intensifying with the development
of new tools to genetically manipulate the organism (Golden
et al., 2000) and with the availability of the genome
sequence (Parkhill et al., 2000). Perhaps one of the most
interesting questions that researchers are just beginning
to address is whether C. jejuni isolates possess a repertoire
of virulence genes that can be expressed discordantly or
are comprised of a mosaic of virulence-associated genes.
Surely a picture is likely to evolve that involves both of
these possibilities. In this article, we attempt to present a
global view of C. jejuni pathogenesis. In most instances,
the contribution of a given gene to the organism’s virulence
is tenuous due to the lack of availability of a simple and
inexpensive animal model to researchers. We also present
a working model that diagrams the interactions of C. jejuni
with the intestinal epithelium. While our current working
model is based on speculation, we hope that it will serve
to stimulate additional discussion and research in this area.
Finally, many fine review articles have been published that
focus on only one of the topics discussed below in much
greater detail (Ketley, 1997; Wassenaar, 1997; Wooldridge
and Ketley, 1997; Nachamkin et al., 1998; Altekruse et al.,
1999; Pickett and Whitehouse, 1999; Allos, 2001). We
encourage you to revisit the articles as we only briefly
discuss some of this organism’s virulence attributes due
to space constraints.

Motility and Flagella

The role of motility in C. jejuni colonization and subsequent
disease production has been intensely studied. Research
in this area has been greatly aided by availability of simple
and inexpensive models to study C. jejuni colonization and
the ease of isolating C. jejuni nonmotile mutants by several
methods including treatment of the bacteria with chemical
mutagens. The flagellum of C. jejuni is composed of a basal
body, hook, and filament. In C. jejuni and Campylobacter
coli, the flagellar filament is comprised of two proteins
termed FlaA and FlaB. Both C. jejuni flagellin proteins are
synthesized concomitantly, but flaA, which is regulated by
σ28 (Nuijten et al., 1991), is expressed at much greater
levels than flaB, which is regulated by σ54 (Hendrixson et
al., 2001). In contrast to C. jejuni flaA+flaB- mutants in which
full-length filaments are produced, C. jejuni flaA-flaB+

mutants produce filaments that are truncated (Guerry et
al., 1991; Wassenaar et al., 1991). In Campylobacter
organisms, motility correlates with the synthesis of the FlaA
protein. However, C. jejuni flaA-flaB+ mutants have been
isolated that produce full-length flagella and are motile
(Wassenaar et al., 1994).

In 1985, Morooka et al. (Morooka et al., 1985) treated
C. jejuni with N-methyl-N’-nitro-N-nitrosoguanidine and
methyl methane sulphonate and isolated bacteria with
motility defects as judged by the hanging drop method.
Each of the C. jejuni nonmotile isolates tested, of which
one was flagellated and two were nonflagellated, were
unable to colonize suckling mice and were cleared from

the intestinal tract 2 d post-challenge. The investigators
hypothesized that motility was required for C. jejuni to swim
through the viscous mucus (Morooka et al., 1985).
Subsequently, Newell (Newell, 1986) reported that a C.
jejuni nonflagellated isolate termed SF-2 poorly colonized
mice and was cleared from the intestinal tract 7 d post-
challenge. In the same study, Newell (Newell, 1986) found
that a C. jejuni nonmotile, flagellated isolate termed SF-1
colonized the intestinal tract of mice as successfully as
the wild-type strain. It was latter established that the SF-1
isolate was indeed motile, although not to the same extent
as that of the C. jejuni wild-type isolate, thus clarifying the
discrepancy between their findings and those published
by Morooka et al. (Morooka et al., 1985; Wassenaar et al.,
1993). Wassenaar et al. (Wassenaar et al., 1993) used
genetically defined C. jejuni flaA and flaB mutants to
determine the importance of each of the flagellin proteins
in the colonization of 1-d-old chicks. The investigators found
that neither flagellin expression nor motility were essential
for colonization in this model, but that a C. jejuni flaA+flaB-

mutant colonized chicks at a level 1000-fold greater than
the wild-type isolate. Based on their results, Wassenaar et
al. (Wassenaar et al., 1993) concluded that bacteria
expressing the flaA+ gene promotes maximal colonization.
Consistent with these findings, others have reported that
motility is important in promoting the colonization of animals
by C. jejuni (Pavlovskis et al., 1991; Nachamkin et al.,
1993).

In the early 1990s, several studies were undertaken
to further dissect the importance of motility versus the actual
flagellum in the interaction of C. jejuni with cultured epithelial
cells (Wassenaar et al., 1991; Grant et al., 1993; Yao et
al., 1994). Motility, conferred by the expression of the flaA+

gene, was found necessary for the maximal invasion of
eukaryotic cells and for the translocation of polarized cell
monolayers by C. jejuni (Wassenaar et al., 1991; Grant et
al., 1993). However, differences were noted in the invasive
potential of the C. jejuni flaA- flaB+ and C. jejuni flaA- flaB-

isolates, with the former being more invasive (Wassenaar
et al., 1991; Grant et al., 1993). Given the differences
observed in invasive potential of the C. jejuni mutants, Grant
et al. (Grant et al., 1993) concluded that the flagellar
structure played a role in the internalization process of C.
jejuni that was independent of motility.

Of interest is the finding that C. jejuni flagella undergo
phase variation (Caldwell et al., 1985). In a study in which
human volunteers were challenged with a mixture of a C.
jejuni motile isolate and a non-motile phase-variant of the
same isolate, only the motile phase variant was recovered
from stool samples (Black et al., 1988). Consistent with
this study and the importance of motility and flagella in
bacteria-host cell interactions, Wassenaar et al.
(Wassenaar et al., 1994) isolated a motile variant of a C.
jejuni flaA-flaB+ mutant after performing an invasion assay.
As discussed above, flaA is normally expressed at greater
levels than flaB. Given this fact, Wassenaar et al.
(Wassenaar et al., 1994) hypothesized that the co-
cultivation of C. jejuni with intestinal cells leads to the
expression of flaB and the shutdown of flaA transcription.
Collectively, previous work indicates that motility contributes
significantly to the colonization of animals by C. jejuni and
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subsequently in the development of disease in susceptible
hosts.

Chemotaxis

Chemotaxis is the movement of an organism towards or
away from a chemical stimulus. To determine whether a
particular chemical acts as an attractant or repellent,
investigators have commonly used a plate assay in which
the bacteria are mixed in a PBS-solution containing 0.35
to 0.4% agar (Hugdahl et al., 1988). After the addition of
test chemicals to plates by either hard-agar plugs (HAP)
or filter discs, the plates can be incubated under a variety
of environmental conditions and chemotactic response
assessed. A zone of turbidity in an agar plate reflects an
organism’s migration toward the substrate, and is indicative
of a positive chemoattractant response. Hazeleger et al.
(Hazeleger et al., 1998) examined the chemotactic behavior
of C. jejuni to a variety of chemical stimuli. In their study,
C. jejuni was found to exhibit a positive chemotactic
response to the carbohydrate L-fucose, the amino acids
L-aspartate, L-cysteine, L-glutamate, and L-serine, and the
organic acids pyruvate, succinate, fumarate, citrate, malate,
and α-ketoglutarate (Hugdahl et al., 1988). The
investigators also found that mucin, a glycoprotein of high
molecular weight that contains L-fucose as its terminal
sugar, acts as chemoattractant for C. jejuni.

The contribution of chemotaxis in colonization has
been noted to be important for other pathogenic bacteria
including V. cholerae, S. typhimurium, and E. coli (Allweiss
et al., 1977). Several reports also suggest that chemotaxis
is an important C. jejuni virulence determinant. In 1992,
Takata et al. (Takata et al., 1992) found that mice were
colonized when challenged orally with 110 CFU of a C.
jejuni wild-type isolate, but not when challenged with as
many as 5 x 107 CFU of two-independently isolated C.
jejuni chemotaxis mutants. The C. jejuni nonchemotactic
mutants used in the study were isolated using the HAP
assay, and judged to possess flagella of the same length
and width as that of the wild-type isolate. Yao et al. (Yao et
al., 1997) explored the in vitro and in vivo role of chemotaxis
using a set of defined C. jejuni mutants. Here, a C. jejuni
cheY null mutant was generated, and found to display a
nonchemotactic but motile phenotype. This C. jejuni mutant
exhibited a threefold increase in adherence and invasion
of INT 407 cells when compared to the wild-type isolate,
but was unable to colonize mice or cause symptoms in
infected ferrets. A possible explanation for these findings
is that the motility of a cheY mutant is altered such that the
organism makes longer runs, resulting in increased host
cell contacts that promote irreversible cell adherence and
invasion. However, the increase in the lengths of the runs
in vivo, without chemotaxis providing appropriate
directionality towards mucus, could lead to the organism’s
expulsion from the host by fluid flow and peristaltic activity.
In the same study, Yao et al. (Yao et al., 1997) performed
similar experiments with a C. jejuni isolate containing two
copies of cheY. Of interest was the finding that the C. jejuni
cheY diploid isolate displayed remarkably different behavior
than the cheY null mutant. While the C. jejuni cheY diploid
isolate demonstrated chemotactic behavior as expected,

it also exhibited a decrease in its in vitro adherence and
invasion capabilities and colonized mice. Similar to the
cheY null mutant, the cheY diploid isolate was unable to
cause disease in the ferret model. In the in vivo
experiments, it is possible that the organism migrated
towards the mucus within the crypts, but was unable to
produce runs of sufficient lengths to penetrate the mucus
due to its viscosity. Thus, the chemotactic response of C.
jejuni appears important in directing the organism to specific
sites in the host’s intestinal tract.

Translocation

Investigators have utilized a unique cell culture system to
assess the ability of pathogens to translocate across cell
barriers. Briefly, the cells are cultured on a permeable
membrane, and fresh media is added to the apical and
basolateral chambers to promote cell growth and
differentiation. Cell differentiation results in the
establishment of distinct apical and basolateral cell surfaces
with their own set of surface markers. The apical cell
surfaces are further characterized by well-developed
microvilli and brush borders. Monolayer integrity can be
monitored throughout the course of the assay by measuring
transepithelial electrical resistance (TER), and a decrease,
or loss of TER, indicates disruption of the tight junctions.

The HT29, Caco-2, and T84 human adenocarcinoma
cell lines have been most commonly used to examine the
ability of enteric pathogens to translocate across a cell
barrier. This capability is considered an important virulence
attribute for some pathogens as it permits them access to
underlying tissues and could promote their dissemination
throughout the host. Nevertheless, the degree to which a
pathogen translocates across a cell barrier and the
organism’s fate beyond the local environment differs greatly
among pathogens. For example, S. typhi rapidly
translocates across a polarized monolayer, causing cellular
destruction and extrusion that leads to a complete loss of
monolayer integrity. In contrast, the translocation of S.
typhimurium across polarized cells causes minimal damage
to the cell monolayer early in the process (Kops et al.,
1996). Presumably these data are reflective of in vivo
disease presentations where an infection with S. typhi is
commonly septic in nature and an infection with S.
typhimurium is generally localized to the intestinal mucosa.

In 1992, Everest et al. (Everest et al., 1992) noted
that 86% of Campylobacter isolates from individuals with
colitis were able to translocate across polarized Caco-2
cells versus 48% of strains isolated from individual with
noninflammatory disease. The translocation of C. jejuni
across polarized Caco-2 cell monolayers was determined
by plating serial dilutions of the basolateral chamber media
on agar plates. Interestingly, six C. jejuni isolates
characterized as being “non-invasive” were able to
translocate across the polarized monolayers. To further
define the interactions of C. jejuni with polarized cells,
Harvey et al. (Harvey et al., 1999) compared the ability of
4 clinical C. jejuni isolates to translocate across polarized
Caco-2 cells with their ability to invade both polarized and
non-polarized cells. The authors found that an organism’s
invasiveness does not quantitatively correlate with its ability
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to translocate across a cell monolayer. While the
investigators also detected fluctuations in the measurable
TER with the different C. jejuni isolates over the course of
the assay (6 hr), monolayer integrity was maintained and
final TER values were comparable to starting baseline
values. Maintenance of monolayer integrity, at least over
a relatively short period of time (8 h), has also been reported
by others (Konkel et al., 1992c; Brás and Ketley, 1999).
Noteworthy is that Bras et al. (Brás and Ketley, 1999)
detected a loss in TER of Caco-2 cells inoculated with C.
jejuni after 24 h, indicating an eventual disruption of cellular
tight junctions. The investigators proposed that the loss in
monolayer integrity was either a result of long-term effects
of translocation and/or invasion or the accumulation of a
bacterial toxin(s). The aforementioned studies suggest that
the genes that encode the products responsible for invasion
in C. jejuni are distinct from those that confer translocation
ability.

The mechanism by which C. jejuni translocates across
polarized cells is presently unclear but could be
accomplished by either a transcellular (through a cell) or a
paracellular (between cells) route. Evidence supporting the
transcellular route of passage is the presence of
intracellular bacteria and the fact that C. jejuni-cellular
translocation is reduced at 20°C (Konkel et al., 1992c).
Temperatures of 18-22°C preferentially inhibit eukaryotic
endocytic and phagocytic processes (Silverstein et al.,
1977). Evidence supporting the paracellular route of
passage is that the kinetics of C. jejuni translocation and
internalization significantly differ (Konkel et al., 1992c;
Konkel et al., 1993). In addition, the invasiveness of C.
jejuni isolates does not quantitatively correlate with
translocation efficiency (Harvey et al., 1999). It is possible
that C. jejuni organisms utilize the paracellular route of
passage based on work indicating that cellular tight
junctions can reseal following bacterial penetration
(Takeuchi, 1967). Previous studies have also demonstrated
that tight junctions temporally relax to allow regulated
passage of both solutes and neutrophils (Madara, 1998).

The consensus among investigators is that C. jejuni
initially colonizes the jejunum and ileum, and then the colon
(Allos and Blaser, 1995; Skirrow and Blaser, 2000).
However, histological examination of C. jejuni-infected
humans and animals has revealed pathology primarily in
the colon (Black et al., 1988; Babakhani et al., 1993; Russell
et al., 1993). Advantages for C. jejuni reaching the
underlying tissue and submucosa include access to a
different set of cellular molecules that serve as receptors
and the fact that the organisms are no longer subject to
the peristaltic action of the intestine. If cellular translocation
is associated with the development of C. jejuni-mediated
enteritis, then several mechanisms of translocation may
occur depending on the target site. In the intestinal tract,
access to the submucosa could be achieved via
translocation of the intestinal epithelia by either the
transcellular or paracellular routes discussed above.
Alternatively, C. jejuni may gain access to the submucosa
via uptake by M cells (Walker et al., 1988). Not known is
whether C. jejuni can translocate across the cells in the
colon. Noteworthy is that the incidence of C. jejuni
septicemia is low (0.4% cases) (Allos and Blaser, 1995),

suggesting that C. jejuni organisms are not well equipped
to survive and proliferate following dissemination from the
intestine.

Adhesins and the Role of Adherence

Adhesins are surface-exposed molecules that facilitate a
pathogen’s attachment to host cell receptor molecules. In
vitro adherence assays have been used extensively to
characterize the interactions of C. jejuni with host cells and
to attempt to identify the bacterial proteins that mediate
binding. Although C. jejuni are capable of binding to cells
of human (INT 407, HEp-2, HeLa, and 293) and non-human
origin (Vero, CHO-K1, and MDCK) with equal efficiency,
the binding of C. jejuni to INT 407 (Henle, a human intestinal
epithelial cell line) and Caco-2 (a human colonic cell line)
cells has been most extensively studied as these cells are
thought to be more reflective of those that C. jejuni
encounters in vivo. To date, the molecules proposed to act
as adhesins have been found to be synthesized
constitutively by C. jejuni. This fact is consistent with early
studies, in which metabolically inactive (heat-killed and
sodium azide-killed) C. jejuni were found to bind to cultured
cells at levels equivalent to metabolically active organisms
(Konkel and Cieplak, 1992). In addition, treatment of C.
jejuni with chloramphenicol, a specific inhibitor of bacterial
protein synthesis, has no effect on adherence (Konkel and
Cieplak, 1992).

Prior to the identification of C. jejuni adhesins, the
importance of C. jejuni binding to host target cells was
questionable. Lee et al. (Lee et al., 1986) observed C. jejuni
specifically associated with the intestinal mucus-blanket
and mucus-filled crypts of BALB/c mice. This association
involved highly motile organisms with no apparent adhesion
to epithelial cells of the gut mucosa. However, mucus
association was only studied over the course of several
days due to experimental difficulties in maintaining
depletion of normal surface-associated bacteria. In addition,
the relevance of the model is debatable because C. jejuni-
infected mice do not develop disease. The investigators
hypothesized that the lack of pathology in the mouse model
was a result of the host cells lacking the appropriate
receptors for bacterial products. The interaction of C. jejuni
with mucin was later investigated by Szymanski et al.
(Szymanski et al., 1995) using non-polarized Caco-2 cells
and carboxymethylcellulose. The addition of
carboxymethylcellulose to the cells was used to mimic an
in vivo mucus layer. The investigators observed increases
in the binding and entry of C. jejuni to the
carboxymethylcellulose-treated Caco-2 cells. While it is
unclear whether the increase in binding was a result of C.
jejuni specifically binding to host cell receptors or to
components of the carboxymethylcellulose, an increase
in C. jejuni entry into the Caco-2 cells was also noted. The
investigators also found that the increased viscosity
imparted by the carboxymethylcellulose resulted in longer
runs by C. jejuni. The longer runs were proposed to result
in an increase in the frequency of contacts between C.
jejuni and host cells, thus leading to increases in host cell
adherence and invasion. Based on these observations, the
association of C. jejuni with the mucus in the crypts was
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proposed to be essential for cell invasion.
De Melo and Pechère (De Melo and Pechère, 1990)

identified four outer membrane proteins (omps) with
apparent molecular masses of 28, 32, 36 and 42 kDa that
may play a role in mediating C. jejuni binding to host cells
using a ligand-binding assay. By screening a C. jejuni
genomic - λgt11 library with a hyperimmune antibody raised
against the 28 kDa protein, Pei and Blaser (Pei and Blaser,
1993) cloned a gene encoding a protein with a calculated
molecular mass of 28,181 Da. More recent evidence
suggests that the 28 kDa protein, termed PEB1, mediates
the binding of C. jejuni to epithelial cells (Pei et al., 1998).
PEB1 is homologous with membrane proteins from other
gram-negative bacteria that function in amino acid
transport. We have cloned and partially characterized a
37 kDa omp from C. jejuni, termed CadF, that mediates
the binding of C. jejuni to fibronectin (Fn) (Konkel et al.,
1997). CadF is conserved among all C. jejuni and C. coli
isolates tested to date (Konkel et al., 1999a). Whether the
36 kDa protein identified by De Melo and Pechère (De
Melo and Pechère, 1990) is the CadF protein is not known.
Jin et al. (Jin et al., 2001) identified a 42.3 kDa lipoprotein
(JlpA = jejuni lipoprotein A) that mediates the binding of C.
jejuni to HEp-2 cells. A mutation in the jlpA gene resulted
in an 18 to 19.4% reduction in adherence when compared
to the C. jejuni wild-type isolate, but had no effect on C.
jejuni invasion. In addition, pretreatment of Hep-2 cells with
recombinant JlpA reduced the binding of C. jejuni to the
cells in a dose-dependent fashion. It is not known whether
JlpA is the same protein as that identified by De Melo and
Pechère (De Melo and Pechère, 1990). Investigators have
yet to follow up on the adhesive properties of the 32 kDa
protein.

Other molecules proposed to act as adhesins include
the flagellum, lipopolysaccharide (McSweegan and Walker,
1986; Moser et al., 1992), major outer membrane protein
(MOMP, also called OmpE) (Moser et al., 1997; Schröder
and Moser, 1997), and P95 (Kelle et al., 1998). These
molecules are listed as putative adhesins because their
adhesive properties are less well characterized. While
McSweegan and Walker (McSweegan and Walker, 1986)
and Moser et al. (Moser et al., 1992) both reported that
purified flagellin is capable of binding to host cells and INT
407 cell membrane fractions, Wassenaar et al. (Wassenaar
et al., 1991) found that the addition of purified flagellin did
not competitively inhibit the binding of C. jejuni to cultured
cells. Thus, the role of the flagellum as an adhesin remains
ill-defined. Noteworthy is that the examination of C. jejuni-
infected INT 407 cells by scanning electron microscopy
has shown the flagella in contact with host cells (Konkel et
al., 1992a). In 1986, McSweegan and Walker (McSweegan
and Walker, 1986) proposed that the binding of C. jejuni to
INT 407 cells was mediated by LPS. This proposal was
based on observations that radioactively labeled LPS
bound to INT 407 cells and that pretreatment of INT 407
cells with LPS concentrations of 250 µg per well and greater
reduced the binding of C. jejuni to cultured cells. Alterations
in LPS have been shown to affect binding, and in certain
instances internalization, of a number of enteric bacteria
including E. coli (Bradley et al., 1991), S. typhi (Mroczenski-
Wildey et al., 1989), and N. gonorrhoeae (Schwan et al.,

1995) to host cells. These investigators hypothesized that
LPS structural changes could affect the pathogen’s binding
potential by altering the organism’s surface charge,
masking the specific adhesins, and changing the integrity
of the outer membrane. Because the extraction and labeling
protocol used by McSweegan and Walker (McSweegan
and Walker, 1986) is likely to have resulted in the use of
material that is rich in both LPS and capsular
polysaccharide, their data with respect to the role of C.
jejuni LPS as an adhesive molecule is difficult to interpret.
In 1997, Schroder et al. (Schröder and Moser, 1997)
proposed that the MOMP of C. jejuni serves as an adhesin
because it was found to bind to INT 407 cell membranes.
In their study, the MOMP was prepared from crude outer
membrane preparations using sarcosyl extraction and
further purified using SDS-polyacrylamide gel
electrophoresis (PAGE) or native gel electrophoresis. In
contrast to the MOMP that was purified by SDS-PAGE,
the MOMP purified by native gel electrophoresis was found
to bind to INT 407 membranes as determined by enzyme-
linked immunosorbant assays. The authors concluded that
in addition to its role as a porin, the MOMP may also serve
as an adhesin. However, the specificity of the MOMP
binding to the INT 407 cell membranes was not determined.
The P95 protein was identified by screening C. jejuni clinical
isolates with a degenerative oligonucleotide probe by
Southern hybridization analysis (Kelle et al., 1998). The
sequence of the probe was based on the nucleotide
sequences of adhesins identified in other gram-negative
bacteria (Kelle et al., 1998). A hybridizing band was
detected in six of thirteen C. jejuni clinical isolates as judged
by Southern blot analysis. After cloning and sequencing
the hybridizing C. jejuni chromosomal DNA fragment, an
ORF was subsequently identified that was capable of
encoding a polypeptide of 869 amino acids with an Mr of
95 kDa. The investigators reported that the deduced amino
acid sequence of the C. jejuni P95 protein shared similarity
with adhesins found in other gram-negative organisms
including Bordetella pertussis and Haemophilus influenzae.
Not determined was whether the P95 gene was expressed
in the C. jejuni isolates examined and the phenotype of a
C. jejuni P95 mutant. The role of each of the C. jejuni
molecules discussed above in adherence requires
additional study.

Adhesive pili or fimbriae have been identified in enteric
pathogens including E. coli, Salmonella and Vibrio cholerae
(Hultgren et al., 1991; Hultgren et al., 1996; Low et al.,
1996). In 1996, Doig et al. (Doig et al., 1996) reported that
both C. jejuni and C. coli produced environmentally
regulated peritrichous pilus-like appendages. The
investigators also reported that a mutation in a gene termed
pspA (pilus-synthesis protease) resulted in an isolate that
was incapable of synthesizing pili when cultured in the
presence of the bile salt deoxycholate as evidenced by
examination of the bacteria by transmission electron
microscopy. While in vitro assays demonstrated that pili
played no role in promoting the organism’s adherence or
invasion of epithelial cells, in vivo studies revealed that
the C. jejuni pspA mutant exhibited reduced pathology in
ferrets when compared to animals infected with the C. jejuni
wild-type isolate. Subsequent work by Gaynor et al.
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examined the survival of a C. jejuni clinical isolate using
the J774G8 BALB/c mouse macrophage cell line, BALB/c
macrophages, and human monocytes using acridine
orange as a vital stain. The researchers were able to
recover C. jejuni from all three cell types over a 6 d period.
Day et al. (Day et al., 2000) reported similar findings in
that a clinical isolate of C. jejuni (M129) was able to survive
following phagocytosis by porcine peritoneal macrophages,
murine peritoneal macrophages and J774A.1 cells.
However, there was a noticeable reduction in the number
of C. jejuni recovered from the three phagocytic cell types
at 72 h post-inoculation; the greatest survival of C. jejuni
was noted with the porcine peritoneal macrophages. It is
our belief that the differences noted between laboratories
with respect to the ability of C. jejuni to survive within
phagocytes reflects the use of phagocyte cells of different
origins and various bacterial isolates.

Role of Oxidative Radicals in Phagolysosome Survival

Although intracellular existence provides bacteria an
unoccupied niche and shelter from immune surveillance,
internalized bacteria must be able to survive a variety of
reactive oxygen species, especially in the phagolysosome
of professional phagocytes. Bacterial factors such as
superoxide dismutase and catalase, which inactivate these
products, allow invasive bacteria to persist in host cells
and tissues. Experiments have been conducted to examine
the effect of oxygen radicals on the survival of Salmonella
typhimurium (DeGroote et al., 1997). It was found that a
sodC mutant of S. typhimurium was more susceptible to
killing by superoxide and nitric oxide than the wild-type
isolate. Moreover, greater numbers of the S. typhimurium
sodC mutant were recovered when the respiratory burst
inhibitor acetovanillone or nitric oxide synthase inhibitor
NG-L-monomethyl arginine was added to the culture
medium. To address the role of superoxide dismutase in
C. jejuni survival in macrophages, assays were performed
with a C. jejuni sodB mutant and the J774A.1 murine
macrophage-like cell line. No difference was noted in the
survival of the C. jejuni sodB mutant in J774A.1 cells when
compared to the C. jejuni 81-176 wild-type isolate (L.A.
Joens, unpublished data). However, a C. jejuni katA mutant
was not recovered from J774A.1 cells 24 h post-inoculation
(Day et al., 2000); the katA gene from C. jejuni encodes
the enzyme catalase. Also noteworthy is that the C. jejuni
katA mutant was recovered when the respiratory burst or
production of nitric oxide was inhibited. This finding
demonstrates that C. jejuni possesses certain virulence
attributes that enable it to survive intracellularly within
mononuclear phagocytes. Additional work is required to
determine whether C. jejuni is able to alter its intracellular
trafficking and the precise role of macrophages in the
development of campylobacteriosis.

A Model of C. jejuni Pathogenesis

We conclude this review by presenting a diagram that
represents our current perspective of C. jejuni-virulence
determinants and their potential role in the development
of the histological lesions observed in C. jejuni-infected

individuals (Figure 3). Our model is based on articles
discussed above and examination of biopsy specimens
from piglets infected with C. jejuni clinical isolates. We
believe that the infection of piglets with C. jejuni represents
a relevant model for C. jejuni-mediated enteritis as these
animals are anatomically similar to humans. Moreover, C.
jejuni-infected piglets develop the clinical symptoms (e.g.,
bloody diarrhea) and histopathological lesions (e.g.,
epithelial cell degeneration, exudation of fibrin and
inflammatory cells in both the small intestine and colon)
similar to that of C. jejuni-infected humans.

C. jejuni is proposed to initially colonize the jejunum
and ileum, and then the colon, of humans (Allos and Blaser,
1995; Skirrow and Blaser, 2000). However, the precise in
vivo target site of C. jejuni is not known because autopsy
and surgical material is rare. Motility and chemotaxis likely
play critical roles in disease. Upon passage into the small
intestine and migration of bacteria toward the mucus-filled
crypts, we propose that C. jejuni engage in an adaptive
response to the intestinal microenvironment where they
synthesize a novel set of proteins that promote their
subsequent interaction with host target cells. In vitro data
supports the notion that C. jejuni has the ability to migrate
across the enterocytes via a paracellular or transcellular
route (Everest et al., 1992; Konkel et al., 1992c; Grant et
al., 1993; Brás and Ketley, 1999; Harvey et al., 1999).
However, not known is the significance of either route of
translocation versus the role of M cells in the organism’s
ability to breach the intestinal barrier. We speculate that
adherence plays an early role in the infectious process
and that C. jejuni binds specifically to host cell receptors.
If studies continue to support the necessity of adhesins in
establishing disease, it will prove interesting to determine
whether C. jejuni has a predilection for receptors on the
apical or basolateral surfaces of the host cells. Following
the intimate binding of C. jejuni to host cells, in vivo
evidence indicates that C. jejuni is internalized by a host
cell. Not clear is the contribution of invasion, versus Cia
protein secretion, to the severity of Campylobacter-
mediated enteritis. One of the hallmarks of infection in C.
jejuni-inoculated piglets is villous atrophy (Babakhani et
al., 1993). More specifically, C. jejuni appears to destroy
the cells at the tips of the villi that are fully differentiated
rather than the undifferentiated cells in the crypt. We
propose that the necrosis of the villi is primarily caused by
one or more bacterial toxins. We speculate that CDT
contributes to villous atrophy by targeting the actively
proliferating cells within the crypt. Thus, replacement of
differentiated cells at the tips of the villi could be retarded
by inhibiting crypt cell hyperplasia. How CDT is delivered
to the cells within the crypt is not known. We would be
remiss without mentioning that C. jejuni infection is
accompanied by an intense inflammatory response that
no doubt results from the heightened production of cellular
cytokines. While this aspect of C. jejuni infection warrants
a review article all to itself, space constraints have not
permitted us to discuss this area. We hypothesize that the
inflammatory response is responsible for intensifying the
symptoms exhibited by C. jejuni-infected individuals, but
is not responsible for causing the villous atrophy observed
early in infection. We base this statement on the apparent
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lack of significant numbers of neutrophils and other
inflammatory cells at tissue damaged sites. However,
detailed studies are required to more closely examine the
presence of inflammatory cell infiltrates at sites of C. jejuni
infection.

Concluding Comments

A more accurate and comprehensive understanding of C.
jejuni-mediated enteritis will emerge as researchers
functionally characterize putative virulence genes and
discover virulence attributes that are unique among
particular C. jejuni isolates. There is little doubt that

additional work will unveil that C. jejuni organisms have a
repertoire of unique virulence strategies. Moreover,
elucidation of C. jejuni virulence determinants and the
stages at which they contribute in infection will yield new
insights into the diverse mechanisms by which bacteria
cause disease.

Acknowledgements

We thank Brian Raphael for assistance in preparation of
this manuscript. Work in MEK’s laboratory is supported by
a grant from the NIH (DK58911) and USDA National
Research Initiative Competitive Grants Program (99-

Figure 3. Diagram depicting C. jejuni-virulence determinants and their potential role in the development of C. jejuni-mediated enteritis. The top panel
illustrates the interactions of C. jejuni with enterocytes and sites where certain virulence determinants might contribute in disease. The bottom panel illustrates
the gross morphological changes that occur in the intestinal tract of an infected host. Not highlighted is the potential interaction of C. jejuni with M cells or
professional phagocytic cells, as well as the contribution of the inflammatory response in infection.



C. jejuni-Mediated Enteritis   67

35201-8579). Work in LAJ’s laboratory is supported by
USDA-NRICGP grants (98-35201-6195 and 01-35201-
9948).

References

Allos, B.M. 2001. Campylobacter jejuni infections: Update
on emerging issues and trends. Clin. Infect. Dis. 32: 1201-
1206.

Allos, B.M. and Blaser, M.J. 1995. Campylobacter jejuni
and the expanding spectrum of related infections. Clin.
Infect. Dis. 20: 1092-1099.

Allweiss, B., Dostal, J., Carey, K.E., Edwards, T.F. and
Freter, R. 1977. The role of chemotaxis in the ecology of
bacterial pathogens of mucosal surfaces. Nature 266:
448-450.

Altekruse, S.F., Stern, N.J., Fields, P.I. and Swerdlow, D.L.
1999. Campylobacter jejuni - an emerging foodborne
pathogen. Emerg. Infect. Dis. 5: 28-35.

Aspinall, G.O., McDonald, A.G., Raju, T.S., Pang, H.,
Kurjanczyk, L.A., Penner, J.L. and Moran, A.P. 1993.
Chemical structure of the core region of Campylobacter
jejuni serotype 0:2 lipopolysaccharide. Eur. J. Biochem.
213: 1029-1037.

Aspinall, G.O., McDonald, A.G., Raju, T.S., Pang, H., Mills,
S.D., Kurjanczyk, L.A. and Penner, J.L. 1992. Serological
diversity and chemical structures of Campylobacter jejuni
low-molecular weight lipopolysaccharides. J. Bacteriol.
174: 1324-1332.

Babakhani, F.K., Bradley, G.A. and Joens, L.A. 1993.
Newborn piglet model for campylobacteriosis. Infect.
Immun. 61: 3466-3475.

Bacon, D.J., Alm, R.A., Burr, D.H., Hu, L., Kopecko, D.J.,
Ewing, C.P., Trust, T.J. and Guerry, P. 2000. Involvement
of a plasmid in virulence of Campylobacter jejuni 81-176.
Infect. Immun. 68: 4384-4390.

Bacon, D.J., Szymanski, C.M., Burr, D.H., Silver, R.P., Alm,
R.A. and Guerry, P. 2001. A phase-variable capsule is
involved in virulence of Campylobacter jejuni 81-176. Mol.
Microbiol. 40: 769-777.

Biswas, D., Itoh, K. and Sasakawa, C. 2000. Uptake
pathways of clinical and healthy animal isolates of
Campylobacter jejuni into INT-407 cells. FEMS Immunol.
Med. Microbiol. 29: 203-211.

Black, R.E., Levine, M.M., Clements, M.L., Hughes, T.P.
and Blaser, M.J. 1988. Experimental Campylobacter jejuni
infection in humans. J. Infect. Dis. 157: 472-479.

Blaser, M.J., Hardesty, H.L., Powers, B. and Wang, W.L.
1980. Survival of Campylobacter fetus subsp. jejuni in
biological milieus. J. Clin. Microbiol. 11: 309-313.

Blaser, M.J., Wells, J.G., Feldman, R.A., Pollard, R.A. and
Allen, J.R. 1983. Campylobacter enteritis in the United
States. A multicenter study. Ann. Intern. Med. 98: 360-
365.

Bradbury, W.C., Marko, M.A., Hennessy, J.N. and Penner,
J.L. 1983. Occurrence of plasmid DNA in serologically
defined strains of Campylobacter jejuni and
Campylobacter coli. Infect. Immun. 40: 460-463.

Bradley, D.E., Anderson, A.N. and Perry, M.B. 1991.
Differences between the LPS cores in adherent and non-
adherent strains of enteropathogenic Escherichia coli

0119. FEMS Microbiol. Lett. 64: 13-17.
Brás, A.M. and Ketley, J.M. 1999. Transcellular

translocation of Campylobacter jejuni across human
polarised epithelial monolayers. FEMS Microbiol. Lett.
179: 209-215.

Caldwell, M.B., Guerry, P., Lee, E.C., Burans, J.P. and
Walker, R.I. 1985. Reversible expression of flagella in
Campylobacter jejuni. Infect. Immun. 50: 941-943.

Chart, H., Frost, J.A., Oza, A., Thwaites, R., Gillanders, S.
and Rowe, B. 1996. Heat-stable serotyping antigens
expressed by strains of Campylobacter jejuni are probably
capsular and not long-chain polysaccharides. J. Appl.
Bacteriol. 81: 635-640.

Day, W.A., Sajecki, J.L., Pitts, T.M. and Joens, L.A. 2000.
Role of catalase in Campylobacter jejuni intracellular
survival. Infect. Immun. 68: 6337-6345.

De Melo, M.A., Gabbiani, G. and Pechère, J.-C. 1989.
Cellular events and intracellular survival of Campylobacter
jejuni during infection of HEp-2 cells. Infect. Immun. 57:
2214-2222.

De Melo, M.A. and Pechère, J.-C. 1990. Identification of
Campylobacter jejuni surface proteins that bind to
eucaryotic cells in vitro. Infect. Immun. 58: 1749-1756.

DeGroote, M.A., Ochsner, U.A., Shiloh, M.U., Nathan, C.,
McCord, J.M., Dinaure, M.C., Libby, S.J., Vasquez-Torres,
A., Xu, Y. and Fang, F.C. 1997. Periplasmic superoxide
dismutase protects Salmonella from products of
phagocyte NADPH-oxidase and nitric oxidase synthase.
Proc. Natl. Acad. Sci. USA. 94: 13997-14001.

Doig, P., Yao, R., Burr, D.H., Guerry, P. and Trust, T.J. 1996.
An environmentally regulated pilus-like appendage
involved in Campylobacter pathogenesis. Mol. Microbiol.
20: 885-894.

Drechsel, H. and Winkelmann, G.: Iron chelation and
siderophores. In: Winkelmann, G. and Carrano, C.J.
(Eds.), Transition metals in microbial metabolism.
Harwood Acad, Amsterdam, Netherlands, 1997, pp. 1-9.

Duffy, M.C., Benson, J.B. and Rubin, S.J. 1980. Mucosal
invasion in Campylobacter enteritis. Amer. J. Clin. Path.
73: 706-708.

Everest, P.H., Goossens, H., Butzler, J.P., Lloyd, D.,
Knutton, S., Ketley, J.M. and Williams, P.H. 1992.
Differentiated Caco-2 cells as a model for enteric invasion
by Campylobacter jejuni and C. coli. J Med Microbiol 37:
319-325.

Fauchere, J.L., Rosenau, A., Veron, M., Moyen, E.N.,
Richard, S. and Pfister, A. 1986. Association with HeLa
cells of Campylobacter jejuni and Campylobacter coli
isolated from human feces. Infect. Immun. 54: 283-287.

Field, L.H., Headley, V.L., Payne, S.M. and Berry, L.J.
1986a. Influence of iron on growth, morphology, outer
membrane protein composition, and synthesis of
siderophores in Campylobacter jejuni. Infect. Immun. 54:
126-132.

Field, L.H., Headley, V.L., Underwood, J.L., Payne, S.M.
and Berry, L.J. 1986b. The chicken embryo as a model
for Campylobacter invasion: comparative virulence of
human isolates of Campylobacter jejuni and
Campylobacter coli. Infect. Immun. 54: 118-125.

Finlay, B.B., Heffron, F. and Falkow, S. 1989. Epithelial
cell surfaces induce Salmonella proteins required for



68   Konkel et al.

bacterial adherence and invasion. Science 243: 940-943.
Friedman, C.R., Neimann, J., Wegener, H.C. and Tauxe,

R.V.: Epidemiology of Campylobacter jejuni infections in
the United States and other industrialzed nations. In:
Nachamkin, I. and Blaser, M.J. (Eds.), Campylobacter.
American Society for Microbiology, Washington, D.C.,
2000, pp. 121-138.

Galindo, M.A., Day, W.A., Raphael, B.H. and Joens, L.A.
2001. Cloning and characterization of a Campylobacter
jejuni iron-uptake operon. Curr. Microbiol. 42: 139-143.

Gaynor, E.C., Ghori, N. and Falkow, S. 2001. Bile-induced
‘pili’ in Campylobacter jejuni are bacteria-independent
artifacts of the culture medium. Mol. Microbiol. 39: 1546-
1549.

Golden, N.J., Camilli, A., Acheson, D.W. 2000. Random
transposon mutagenesis of Campylobacter jejuni. Infect.
Immun. 68: 5450-5453.

Grant, C.C.R., Konkel, M.E., Cieplak, W., Jr. and Tompkins,
L.S. 1993. Role of flagella in adherence, internalization,
and translocation of Campylobacter jejuni in nonpolarized
and polarized epithelial cell cultures. Infect. Immun. 61:
1764-1771.

Guerry, P., Alm, R.A., Power, M.E., Logan, S.M. and Trust,
T.J. 1991. Role of two flagellin genes in Campylobacter
motility. J. Bacteriol. 173: 4757-4764.

Guerry, P., Perez-Casal, J., Yao, R., McVeigh, A. and Trust,
T.J. 1997. A genetic locus involved in iron utilization unique
to some Campylobacter strains. J. Bacteriol. 179: 3997-
4002.

Hale, T.L. and Bonventre, P.F. 1979. Shigella infection of
Henle intestinal epithelial cells: role of the bacterium.
Infect. Immun. 24: 879-886.

Hale, T.L., Morris, R.E. and Bonventre, P.F. 1979. Shigella
infection of Henle intestinal epithelial cells: role of the
host cell. Infect. Immun. 24: 887-894.

Harvey, P., Battle, T. and Leach, S. 1999. Different invasion
phenotypes of Campylobacter isolates in Caco-2 cell
monolayers. J. Med. Microbiol. 48: 461-469.

Hazeleger, W.C., Wouters, J.A., Rombouts, F.M. and Abee,
T. 1998. Physiological activity of Campylobacter jejuni
far below the minimal growth temperature. Appl. Environ.
Microbiol. 64: 3917-3922.

Headley, V.L. and Payne, S.M. 1990. Differential protein
expression by Shigella flexneri in intracellular and
extracellular environments. Proc. Natl. Acad. Sci. USA
87: 4179-4183.

Hendrixson, D.R., Akerley, B.J. and Dirita, V.J. 2001.
Transposon mutagenesis of Campylobacter jejuni
identifies a bipartite energy taxis system required for
motility. Mol. Microbiol. 40: 214-224.

Hickey, T.E., McVeigh, A.L., Scott, D.A., Michielutti, R.E.,
Bixby, A., Carroll, S.A., Bourgeois, A.L. and Guerry, P.
2000. Campylobacter jejuni cytolethal distending toxin
mediates release of interleukin-8 from intestinal epithelial
cells. Infect. Immun. 68: 6535-6541.

Hu, L. and Kopecko, D.J. 1999. Campylobacter jejuni 81-
176 associates with microtubules and dynein during
invasion of human intestinal cells. Infect. Immun. 67:
4171-4182.

Hugdahl, M.B., Beery, J.T. and Doyle, M.P. 1988.
Chemotactic behavior of Campylobacter jejuni. Infect.

Immun. 56: 1560-1566.
Hultgren, S.J., Jones, C.H. and Normark, S.: Bacterial

adhesins and their assembly. In: Neidhardt, F.C. (Ed.),
Escherichia coli and Salmonella. American Society for
Microbiology, Washington, D.C., 1996, pp. 2730-56.

Hultgren, S.J., Normark, S. and Abraham, S.N. 1991.
Chaperone-assisted assembly and molecular architecture
of adhesive pili. Annu. Rev. Microbiol. 45: 383-415.

Humphrey, C.D., Montag, D.M. and Pittman, F.E. 1985.
Experimental infection of hamsters with Campylobacter
jejuni. J. Infect. Dis. 151: 485-493.

Jin, S., Joe, A., Lynett, J., Hani, E.K., Sherman, P. and
Chan, V.L. 2001. JlpA, a novel surface-exposed
lipoprotein specific to Campylobacter jejuni, mediates
adherence to host epithelial cells. Mol. Microbiol. 39:
1225-1236.

Johnson, W.M. and Lior, H. 1988. A new heat-labile
cytolethal distending toxin (CLDT) produced by
Campylobacter spp. Microb. Pathog. 4: 115-126.

Karlyshev, A.V., Linton, D., Gregson, N.A., Lastovica, A.J.
and Wren, B.W. 2000. Genetic and biochemical evidence
of a Campylobacter jejuni capsular polysaccharide that
accounts for Penner serotype specificity. Mol. Microbiol.
35: 529-541.

Kelle, K., Pages, J.M. and Bolla, J.M. 1998. A putative
adhesin gene cloned from Campylobacter jejuni. Res.
Microbiol. 149: 723-733.

Ketley, J.M. 1997. Pathogenesis of enteric infection by
Campylobacter. Microbiol. 143: 5-21.

Kiehlbauch, J.A., Albach, R.A., Baum, L.L. and Chang, K.-
P. 1985. Phagocytosis of Campylobacter jejuni and its
intracellular survival in mononuclear phagocytes. Infect.
Immun. 48: 446-451.

Konkel, M.E., Babakhani, F. and Joens, L.A. 1990.
Invasion-related antigens of Campylobacter jejuni. J.
Infect. Dis. 162: 888-895.

Konkel, M.E. and Cieplak, W., Jr. 1992. Altered synthetic
response of Campylobacter jejuni to cocultivation with
human epithelial cells is associated with enhanced
internalization. Infect. Immun. 60: 4945-4949.

Konkel, M.E., Corwin, M.D., Joens, L.A. and Cieplak, W.,
Jr. 1992a. Factors that influence the interaction of
Campylobacter jejuni with cultured mammalian cells. J.
Med. Microbiol. 37: 30-37.

Konkel, M.E., Garvis, S.G., Tipton, S.L., Anderson, D.E.,
Jr. and Cieplak, W., Jr. 1997. Identification and molecular
cloning of a gene encoding a fibronectin-binding protein
(CadF) from Campylobacter jejuni. Mol. Microbiol. 24:
953-963.

Konkel, M.E., Gray, S.A., Kim, B.J., Garvis, S.G. and Yoon,
J. 1999a. Identification of the enteropathogens
Campylobacter jejuni and Campylobacter coli based on
the cadF virulence gene and its product. J. Clin. Microbiol.
37: 510-517.

Konkel, M.E., Hayes, S.F., Joens, L.A. and Cieplak, W., Jr.
1992b. Characteristics of the internalization and
intracellular survival of Campylobacter jejuni in human
epithelial cell cultures. Microbial. Pathog. 13: 357-370.

Konkel, M.E. and Joens, L.A. 1989. Adhesion to and
invasion of HEp-2 cells by Campylobacter spp. Infect.
Immun. 57: 2984-2990.



C. jejuni-Mediated Enteritis   69

Konkel, M.E., Kim, B.J., Klena, J.D., Young, C.R. and Ziprin,
R. 1998. Characterization of the thermal stress response
of Campylobacter jejuni. Infect. Immun. 66: 3666-3672.

Konkel, M.E., Kim, B.J., Rivera-Amill, V. and Garvis, S.G.
1999b. Bacterial secreted proteins are required for the
internalization of Campylobacter jejuni into cultured
mammalian cells. Mol. Microbiol. 32: 691-701.

Konkel, M.E., Mead, D.J. and Cieplak, W., Jr. 1993. Kinetic
and antigenic characterization of altered protein synthesis
by Campylobacter jejuni during cultivation with human
epithelial cells. J. Infect. Dis. 168: 948-954.

Konkel, M.E., Mead, D.J., Hayes, S.F. and Cieplak, W., Jr.
1992c. Translocation of Campylobacter jejuni across
human polarized epithelial cell monolayer cultures. J.
Infect. Dis. 166: 308-315.

Kops, S.K., Lowe, D.K., Bement, W.M. and West, A.B.
1996. Migration of Salmonella typhi through intestinal
epithelial monolayers: an in vitro study. Microbiol Immunol
40: 799-811.

Lara-Tejero, M. and Galán, J.E. 2000. A bacterial toxin that
controls cell cycle progression as a deoxyribonuclease I-
like protein. Science 290:354-357.

Lara-Tejero, M. and Galán, J.E. 2001. CdtA, CdtB, and
CdtC form a tripartate complex that is required for
cytolethal distending activity. Infect. Immun. 69: 4358-
4365.

Larsen, R.A., Thomas, M.G., Postle, K. 1999. Protonmotive
force, ExbB and ligand-bound FepA drive conformational
changes in TonB. Mol. Microbiol. 31:1809-1824.

Lee, A., O’Rouke, J.L., Barrington, P.J. and Trust, T.J. 1986.
Mucus colonization as a determinant of pathogenicity in
intestinal infection by Campylobacter jejuni: a mouse
cecal model. Infect. Immun. 51: 536-546.

Lee, C.A. and Falkow, S. 1990. The ability of Salmonella
to enter mammalian cells is affected by bacterial growth
state. Proc. Natl. Acad. Sci., USA 87: 4304-4308.

Logan, S.M. and Trust, T.J. 1984. Structural and antigenic
heterogeneity of lipopolysaccharides of Campylobacter
jejuni and Campylobacter coli. Infect. Immun. 45: 210-
216.

Low, D., Braaten, B. and Van der Woude, M.: Fimbriae. In:
Neidhardt, F.C. (Ed.), Escherichia coli and Salmonella.
American Society for Microbiology, Washington, D.C.,
1996, pp. 146-57.

Madara, J.L. 1998. Regulation of the movement of solutes
across tight junctions. Annu. Rev. Physiol. 60: 143-159.

McSweegan, E. and Walker, R.I. 1986. Identification and
characterization of two Campylobacter jejuni adhesins
for cellular and mucous substrates. Infect. Immun. 53:
141-148.

Mooney, A., Clyne, M., Curran, T., Doherty, D., Kilmartin,
B. and Bourke, B. 2001. Campylobacter upsaliensis
excerts a cytolethal distending toxin effect on HeLa cells
and T lymphocytes. Microbiol. 147: 735-743.

Moran, A.P. 1997. Structure and conserved characteristics
of Campylobacter jejuni lipopolysaccharides. J. Infect. Dis.
176 (Suppl 2): S115-121.

Moran, A.P. and Penner, J.L. 1999. Serotyping of
Campylobacter jejuni based on heat-stable antigens:
relevance, molecular basis and implications in
pathogenesis. J. Appl. Microbiol. 86: 361-377.

Moran, A.P., Zahringer, U., Seydel, U., Scholz, D., Stutz,
P. and Rietschel, E.T. 1991. Structural analysis of the lipid
A component of Campylobacter jejuni CCUG 10936
(serotype O:2) lipopolysaccharide. Description of a lipid
A containing a hybrid backbone of 2-amino-2-deoxy-D-
glucose and 2,3-diamino-2,3-dideoxy-D-glucose. Eur. J.
Biochem. 198: 459-469.

Morooka, T., Umeda, A. and Amako, K. 1985. Motility as
an intestinal colonization factor for Campylobacter jejuni.
J. Gen. Microbiol. 131: 1973-1980.

Moser, I., Schröder, W.F.K.J. and Hellmann, E. 1992. In
vitro binding of Campylobacter jejuni/coli outer membrane
preparations to INT 407 cell membranes. Med. Micrbiol.
Immunol. 180: 289-303.

Moser, I., Schroeder, W. and Salnikow, J. 1997.
Campylobacter jejuni major outer membrane protein and
a 59-kDa protein are involved in binding to fibronectin
and INT 407 cell membranes. FEMS Mirobiol. Lett. 157:
233-8.

Mroczenski-Wildey, M.J., Di Fabio, J.L. and Cabello, F.C.
1989. Invasion and lysis of HeLa cell monolayers by
Salmonella typhi: role of lipopolysaccharide. Microb.
Pathog. 6: 143-152.

Myszewski, M.A. and Stern, N.J. 1991. Phagocytosis and
intracellular killing of Campylobacter jejuni by elicited
chicken peritoneal macrophages. Avian Dis. 35: 750-755.

Nachamkin, I., Allos, B.M. and Ho, T. 1998. Campylobacter
species and Guillian-Barré syndrome. Clin. Microbiol. Rev.
11: 555-567.

Nachamkin, I., Yang, X.H. and Stern, N.J. 1993. Role of
Campylobacter jejuni flagella as colonization factors for
three-day-old chicks: analysis with flagellar mutants. Appl.
Environ. Microbiol. 59: 1269-1273.

Newell, D.G. 1986 . Monoclonal antibodies directed against
the flagella of Campylobacter jejuni: production,
characterization and lack of effect on the colonization of
infant mice. J. Hyg. (London) 96: 131-141.

Newell, D.G., McBride, H., Saunders, F., Dehele, Y. and
Pearson, A.D. 1985. The virulence of clinical and
environmental isolates of Campylobacter jejuni. J. Hyg.
(London) 94: 45-54.

Nuijten, P.J., van der Zeijst, B.A. and Newell, D.G. 1991.
Localization of immunogenic regions on the flagellin
proteins of Campylobacter jejuni 81116. Infect. Immun.
59: 1100-1105.

Oelschlaeger, T.A., Guerry, P. and Kopecko, D.J. 1993.
Unusual microtubule-dependent endocytosis
mechanisms triggered by Campylobacter jejuni and
Citrobacter freundii. Proc. Natl. Acad. Sci. USA 90: 6884-
6888.

Owen, R.J. and Leaper, S. 1981. Base composition, size
and nucleotide sequence similarities of genome
deoxyribonucleic acids from species of the genus
Campylobacter. FEMS Microbiol. Lett. 12: 395-400.

Panigrahi, P., Losonky, G., DeTolla, L.J. and Morris, J.G.
1992. Human immune response to Campylobacter jejuni
proteins expressed in vitro. Infect. Immun. 60: 4938-4944.

Parkhill, J., Wren, B.W., Mungall, K., Ketley, J.M., Churcher,
C., Basham, D., Chillingworth, T., Davies, R.M., Feltwell,
T., Holroyd, S., Jagels, K., Karlshev, A.V., Moule, S.,
Pallen, M.J., Penn, C.W., Quall, M.A., Rajandrean, M.A.,



70   Konkel et al.

Rutherford, K.M., Van Vliet, A.H.M., Whitehead, S. and
Barrell, B.G. 2000. The genome sequence of the food-
borne pathogen Campylobacter jejuni reveals
hypervariable sequences. Nature 403: 665-668.

Pavlovskis, O.R., Rollins, D.M., Haberberger, R.L. Jr.,
Green, A.E., Habash, L., Strocko, S. and Walker, R.I.
1991. Significance of flagella in colonization resistance
of rabbits immunized with Campylobacter spp. Infect.
Immun. 59: 2259-2264.

Pei, Z. and Blaser, M.J. 1993. PEB1, the major cell-binding
factor of Campylobacter jejuni, is a homolog of the binding
component in Gram-negative nutrient transport systems.
J. Biol. Chem. 268: 18717-18725.

Pei, Z., Burucoa, C., Grignon, B., Baqar, S., Huang, X.-Z.,
Kopecko, D.J., Bourgeois, A.L., Fauchere, J.-L. and
Blaser, M.J. 1998. Mutation in the peb1A locus of
Campylobacter jejuni reduces interactions with epithelial
cells and intestinal colonization of mice. Infect. Immun.
66: 938-943.

Penner, J.L. and Hennessy, J.N. 1980. Passive
hemagglutination technique for serotyping Campylobacter
fetus subsp. jejuni on the basis of soluble heat-stable
antigens. J. Clin. Microbiol. 12: 732-737.

Pickett, C.L.: Campylobacter toxins and their role in
pathogenesis. In: Nachamkin, I. and Blaser, M.J. (Eds.),
Campylobacter. American Society for Microbiology,
Washington, D.C., 2000, pp. 179-190.

Pickett, C.L., Pesci, E.C., Cottle, D.L., Russell, G., Erdem,
A.N. and Zeytin, H. 1996. Prevalence of cytolethal
distending toxin production in Campylobacter jejuni and
relatedness of Campylobacter sp. cdtB genes. Infect.
Immun. 64: 2070-2078.

Pickett, C.L. and Whitehouse, C.A. 1999. The cytolethal
distending toxin family. Trends in Microbiol. 7: 292-297.

Prendergast, M.M., Lastovica, A.J. and Moran, A.P. 1998.
Lipopolysaccharides from Campylobacter jejuni O:41
strains associated with Guillain-Barré syndrome exhibit
mimicry of GM1 ganglioside. Infect. Immun. 66: 3649-
3655.

Preston, M.A. and Penner, J.L. 1987. Structural and
antigenic properties of lipopolysaccharides from serotype
reference strains of Campylobacter jejuni. Infect. Immun.
55: 1806-1812.

Purdy, D., Buswell, C.M., Hodgson, A.E., McAlpine, K.,
Henderson, I. and Leach, S.A. 2000. Characterisation of
cytolethal distending toxin (CDT) mutants of
Campylobacter jejuni. J. Med. Microbiol. 49: 473-479.

Ratledge, C. and Dover, L.G. 2000. Iron metabolism in
pathogenic bacteria. Annu. Rev. Microbiol. 54: 881-941.

Richardson, P.T. and Park, S.F. 1995. Enterochelin
acquisition in Campylobacter coli: characterization of
components of a binding-protein-dependent transport
system. Microbiol. 141: 3181-3191.

Richardson, W.P. and Sadoff, J.C. 1988. Induced
engulfment of Neisseria gonorrhoeae by tissue culture
cells. Infect. Immun. 56: 2512-2514.

Rivera-Amill, V., Kim, B.J., Seshu, J. and Konkel, M.E.
2001. Secretion of the virulence associated
Campylobacter invasion antigens from Campylobacter
jejuni requires a stimulatory signal. J. Infect. Dis. 183:
1607-1616.

Russell, R.G. and Blake, D.C., Jr. 1994. Cell association
and invasion of Caco-2 cells by Campylobacter jejuni.
Infect. Immun. 62: 3773-3779.

Russell, R.G., O’Donnoghue, M., Blake, D.C., Jr., Zulty, J.
and DeTolla, L.J. 1993. Early colonic damage and
invasion of Campylobacter jejuni in experimentally
challenged infant Macaca mulatta. J. Infect. Dis. 168: 210-
215.

Schmiel, D.H., Wagar, E., Karamanou, L., Weeks, D. and
Miller, V.L. 1998. Phospholipase A of Yersinia
enterocolitica contributes to pathogenesis in a mouse
model. Infect. Immun. 66: 3941-3951.

Schröder, W. and Moser, I. 1997. Primary structure analysis
and adhesion studies on the major outer membrane
protein of Campylobacter jejuni. FEMS Microbiol. Lett.
150: 141-147.

Schwan, E.T., Robertson, B.D., Brade, H. and van Putten,
J.P. 1995. Gonococcal rfaF mutants express Rd2

chemotype LPS and do not enter epithelial host cells.
Mol. Microbiol. 15: 267-275.

Seliger, S.S., Mey, A.R., Valle, A.-M., and Payne, S.M. 2001.
The two TonB systems of Vibrio cholerae: redundant and
specific functions. Mol. Microbiol. 39:801-812.

Silverstein, S.C., Steinman, R.M. and Cohn, Z.A. 1977.
Endocytosis. Annu. Rev. Biochem. 46: 669-722.

Skirrow, M.B. and Blaser, M.J.: Clinical aspects of
Campylobacter infection. In: Nachamkin, I. and Blaser,
M.J. (Eds.), Campylobacter, 2nd Edition. ASM Press,
Washington, DC, 2000, pp. 69-88.

Sosula, L., Nicholls, E.M. and Skeen, M. 1988.
Ultrastructure of Campylobacter jejuni in gamma-
irradiated mouse jejunum. Am. J. Pathol. 131: 125-131.

St. Geme III, J.W. and Falkow, S. 1990. Haemophilus
influenzae adheres to and enters cultured human
epithelial cells. Infect. Immun. 58: 4036-4044.

Szymanski, C.M., King, M., Haardt, M. and Armstrong, G.D.
1995. Campylobacter jejuni motility and invasion of Caco-
2 cells. Infect. Immun. 63: 4295-4300.

Takata, T., Fujimoto, S. and Amako, K. 1992. Isolation of
nonchemotactic mutants of Campylobacter jejuni and their
colonization of the mouse intestinal tract. Infect. Immun.
60: 3596-3600.

Takeuchi, A. 1967. Electron microscopic studies of
experimental Salmonella infection. Penetration into the
intestinal epithelium by Salmonella typhimurium. Am J
Pathol 50: 109-36.

Tsai, C.-M. and Frasch, C.E. 1982. A sensitive silver stain
for detecting lipopolysaccharides in polyacrylamide gels.
Anal. Biochem. 119: 115-119.

Van Vliet, A.H., Baillon, M.L., Penn, C.W. and Ketley, J.M.
1999. Campylobacter jejuni contains two fur homologs:
characterization of iron-responsive regulation of peroxide
stress defense genes by the PerR repressor. J. Bacteriol.
181: 6371-6376.

Van Vliet, A.H. and Ketley, J.M. 2001. Pathogenesis of
enteric Campylobacter infection. J. Appl. Microbiol. 90:
45S-56S.

Van Vliet, A.H., Wooldridge, K.G. and Ketley, J.M. 1998.
Iron-responsive gene regulation in a Campylobacter jejuni
fur mutant. J. Bacteriol. 180: 5291-5298.

Velayudhan, J., Hughes, N.J., McColm, A.A., Bagshaw,



C. jejuni-Mediated Enteritis   71

J., Clayton, C.L., Andrews, S.C. and Kelly, D.J. 2000. Iron
acquisition and virulence in Helicobacter pylori: a major
role for FeoB, a high-affinity ferrous iron transporter. Mol.
Microbiol. 37: 274-286.

Wai, S.N., Nakayama, K., Umene, K., Moriya, T. and
Amako, K. 1996. Construction of a ferritin-deficient mutant
of Campylobacter jejuni: contribution of ferritin to iron
storage and protection against oxidative stress. Mol
Microbiol 20: 1127-1134.

Wai, S.N., Takata, T., Takade, A., Hamasaki, N. and Amako,
K. 1995. Purification and characterization of ferritin from
Campylobacter jejuni. Arch. Microbiol. 164: 1-6.

Walker, R.I., Schmauder-Chock, E.A., Parker, J.L. and Burr,
D. 1988. Selective association and transport of
Campylobacter jejuni through M cells of rabbit Peyer’s
patches. Can. J. Microbiol. 34: 1142-1147.

Walker, T.S. and Winkler, H.H. 1978. Penetration of cultured
mouse fibroblasts (L cells) by Rickettsia prowazeki. Infect.
Immun. 22: 200-208.

Wassenaar, T.M. 1997. Toxin production by Campylobacter
spp. Clin. Microbiol. Rev. 10: 466-476.

Wassenaar, T.M., Bleumink-Pluym, N.M., Newell, D.G.,
Nuijten, P.J.M. and van der Zeijst, B.A.M. 1994.
Differential flagellin expression in a flaA flaB+ mutant of
Campylobacter jejuni. Infect. Immun. 62: 3901-3906.

Wassenaar, T.M., Bleumink-Pluym, N.M. and van der Zeijst,
B.A. 1991. Inactivation of Campylobacter jejuni flagellin
genes by homologous recombination demonstrates that
flaA but not flaB is required for invasion. EMBO J. 10:
2055-2061.

Wassenaar, T.M., Engelskirchen, M., Park, S. and
Lastovica, A. 1997. Differential uptake and killing potential
of Campylobacter jejuni by human peripheral monocytes/
macrophages. Med. Micrbiol. Immunol. 186: 139-144.

Wassenaar, T.M., van der Zeijst, B.A., Ayling, R. and Newell,
D.G. 1993. Colonization of chicks by motility mutants of
Campylobacter jejuni demonstrates the importance of
flagellin A expression. J. Gen. Microbiol. 139: 1171-1175.

Welkos, S.L. 1984. Experimental gastroenteritis in newly-
hatched chicks infected with Campylobacter jejuni. J.
Med. Microbiol. 18: 233-248.

Whitehouse, C.A., Balbo, P.B., Pesci, E.C., Cottle, D.L.,
Mirabito, P.M. and Pickett, C.L. 1998. Campylobacter
jejuni cytolethal distending toxin causes a G2-phase cell
cycle block. Infect. Immun. 66: 1934-1940.

Wooldridge, K.G. and Ketley, J.M. 1997. Campylobacter-
host cell interactions. Trends Microbiol. 5: 96-102.

Yao, R., Burr, D.H., Doig, P., Trust, T.J., Niu, H. and Guerry,
P. 1994. Isolation of motile and non-motile insertional
mutants of Campylobacter jejuni: the role of motility in
adherence and invasion of eukaryotic cells. Mol. Microbiol.
14: 883-893.

Yao, R., Burr, D.H. and Guerry, P. 1997. CheY-mediated
modulation of Campylobacter jejuni virulence. Mol.
Microbiol. 23: 1021-1031.

Young, G.M., Schmiel, D.H. and Miller, V.L. 1999. A new
pathway for the secretion of virulence factors by bacteria:
The flagellar export apparatus functions as a protein-
secretion system. Proc. Natl. Acad. Sci. USA 96: 6456-
6461.

Ziprin, R.L., Young, C.R., Hume, M.E. and Konkel, M.E.

1999. The absence of cecal colonization of chicks by a
mutant of Campylobacter jejuni not expressing bacterial
fibronectin-binding protein. Avian Dis. 43: 586-589.



72   Konkel et al.


