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Campylobacter jejuni is a frequent cause of bacterial gastroenteritis worldwide. Lipooligosaccharide (LOS)
has been identified as an important virulence factor that may play a role in microbial adhesion and invasion.
Here we specifically address the question of whether LOS sialylation affects the interaction of C. jejuni with
human epithelial cells. For this purpose, 14 strains associated with Guillain-Barré syndrome (GBS), 34
enteritis-associated strains, the 81-176 reference strain, and 6 Penner serotype strains were tested for invasion
of two epithelial cell lines. C. jejuni strains expressing sialylated LOS (classes A, B, and C) invaded cells
significantly more frequently than strains expressing nonsialylated LOS (classes D and E) (P < 0.0001). To
further explore this observation, we inactivated the LOS sialyltransferase (Cst-II) via knockout mutagenesis
in three GBS-associated C. jejuni strains expressing sialylated LOS (GB2, GB11, and GB19). All knockout
strains displayed significantly lower levels of invasion than the respective wild types. Complementation of a
�cst-II mutant strain restored LOS sialylation and reset the invasiveness to wild-type levels. Finally, formalin-
fixed wild-type strains GB2, GB11 and GB19, but not the isogenic �cst-II mutants that lack sialic acid, were
able to inhibit epithelial invasion by viable GB2, GB11, and GB19 strains. We conclude that sialylation of the
LOS outer core contributes significantly to epithelial invasion by C. jejuni and may thus play a role in
subsequent postinfectious pathologies.

Campylobacter jejuni is recognized as a leading cause of
bacterial gastroenteritis worldwide. Poorly handled or improp-
erly cooked poultry meat, raw milk, pets, and untreated water
are thought to be sources of infection (28). The disease spec-
trum caused by C. jejuni ranges from asymptomatic infection to
severe inflammatory bloody diarrhea (19). Furthermore, C.
jejuni infection has been associated with the development of
postinfectious complications such as the Guillain-Barré syn-
drome (GBS) (26). The apparent variation in gastrointestinal
disease outcome is likely to be affected by the expression of
virulence factors that are associated with specific pathogenic
mechanisms, e.g., C. jejuni motility (24), attachment (18), and
invasion (6, 16, 38). Motility and chemotaxis appear to be
necessary for the epithelial adherence of C. jejuni, whereas the
expression of functional flagella may determine the capacities
of C. jejuni to invade the epithelium and to effectively colonize
the mouse intestine (38, 41, 44, 45).

Next to the role of flagella in the regulation of C. jejuni
invasiveness, lipooligosaccharide (LOS) structures have gener-
ally been implicated in microbial invasion (15, 17, 21, 25, 33,
35, 37). To date, five major and distinctive LOS biosynthesis
gene clusters, referred to here as LOS classes, have been de-

scribed for C. jejuni (31), and this number continues to in-
crease (30). Sequencing and microarray analysis of the LOS
biosynthesis gene locus of the C. jejuni genome have also
revealed this locus to be highly variable (11, 15), which may
contribute to the variation in C. jejuni-associated pathologies.
Furthermore, it has been shown that C. jejuni strains may also
acquire these LOS synthesis genes from other C. jejuni strains
by means of horizontal exchange (10, 34).

A subgroup of C. jejuni strains that express the LOS class A,
B, or C gene locus harbor genes involved in sialic acid biosyn-
thesis and are therefore able to synthesize sialylated LOS (9,
11, 12, 14). The cst-II gene encodes a sialyltransferase (7) that
is necessary for the transfer of sialic acid onto the LOS core in
C. jejuni class A and B strains. C. jejuni class C strains depend
on the cst-III gene for LOS sialylation. Hence, only C. jejuni
strains expressing LOS class A, B, or C are capable of LOS
sialylation. Previously, we have shown that the presence and
expression of the cst-II gene is specifically associated with GBS
and is required for the induction of antiganglioside antibody
responses, which are the hallmark of this postinfectious com-
plication (12, 39). Based on this prior work, we hypothesized
that LOS sialylation (and consequently C. jejuni LOS sub-
classes) may be involved in C. jejuni invasiveness.

Therefore, a panel of 48 human isolates and 7 human con-
trol strains was assessed for invasiveness for two human epi-
thelial carcinoma cell lines (Caco-2 and T84). To specifically
explore the role of sialylation, we generated three GBS-asso-
ciated sialyltransferase (Cst-II) knockout C. jejuni strains (GB2
�cst-II, GB11 �cst-II, and GB19 �cst-II). These GB2 �cst-II,
GB11 �cst-II, and GB19 �cst-II mutants were tested for their
abilities to adhere to and invade Caco-2 cells. Finally, we
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investigated whether complementation of the �cst-II mutant
would restore the invasion-associated function of this gene
product.

MATERIALS AND METHODS

Bacterial strains. Fourteen GBS- and 34 enteritis-associated C. jejuni strains
isolated from Dutch patients, 6 Penner serotype strains, and the 81-176 enteritis
reference strain were used in this study (see Table 1). To minimize in vitro
passages, C. jejuni strains were recovered from the original patient-isolated
glycerol stock by culturing on Butzler agar plates (Becton Dickinson, Breda, The
Netherlands). A second passage was allowed for optimal vitality before these
strains were used in experiments. After recovery, cells were harvested in Hanks
balanced salt solution (Life Technology, Breda, The Netherlands), and densities
were adjusted according to the optical density at 600 nm (OD600).

Typing of the LOS biosynthesis gene cluster. To determine the class of LOS
locus present in each C. jejuni strain, genomic DNA was isolated using the
DNeasy tissue kit (Qiagen, Venlo, The Netherlands). PCR analysis was done
with primer sets specific for classes A, B, C, D, and E as previously described
(12). PCR assays were performed in a Perkin-Elmer GeneAmp PCR system,
model 9700 (Applied Biosystems, Nieuwerkerk aan de IJssel, The Netherlands),
with 35 cycles of 1 min at 94°C, 1 min at 52°C, and 2 min at 72°C.

Knockout mutagenesis. Strains GB2 and GB11 and their �cst-II mutants, GB2
�cst-II and GB11 �cst-II, respectively, have been described previously (12). A
�cst-II mutant of a third GBS-related strain that is described here, GB19, was
generated by the same procedure that was used for the knockout mutagenesis of
strains GB2 and GB11 (12). Briefly, the target gene (cst-II) and approximately
700 bp of upstream and downstream flanking sequences were amplified and
cloned into the pGem-T Easy vector (Promega Corp., Leiden, The Netherlands).
Inverse PCR was used to introduce a BamHI restriction site and a deletion of
approximately 800 bp in the target gene. Inverse PCR products were digested
with BamHI (Fermentas, St. Leon-Rot, Germany) and ligated to the BamHI-
digested chloramphenicol resistance (Cmr) cassette. Constructs were electropo-
rated into electrocompetent GB19 C. jejuni cells, and recombinants were se-
lected on Mueller-Hinton plates (Becton Dickinson, Breda, The Netherlands)
containing 20 �g/ml chloramphenicol (Difco, Alphen aan den Rijn, The Neth-
erlands).

Mass spectrometry. Samples were prepared for LOS mass spectrometric anal-
ysis by overnight growth of C. jejuni strains at 37°C on Butzler agar plates under
a microaerobic atmosphere. Material from one confluent agar plate under a
microaerobic atmosphere was harvested and treated with proteinase K at 60
�g/ml, RNase A at 200 �g/ml, and DNase I at 100 �g/ml (Promega, Leiden, The
Netherlands). O-deacylated LOS samples were prepared and analyzed by capil-
lary electrophoresis coupled to electrospray ionization mass spectrometry (23).

Complementation of the cst-II gene. We used site-specific homologous recom-
bination to restore the wild-type phenotype of the GB11 �cst-II mutant strain
(unpublished data). Briefly, a construct containing the cst-II gene together with
its promoter region and a gene encoding erythromycin resistance were cloned in
the same orientation and were transformed by electroporation into electrocom-
petent GB11 �cst-II mutant cells. The electroporated cells were plated onto
selective blood agar plates containing 10 �g/ml erythromycin (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and were incubated at 42°C under a microaero-
bic environment. Colonies formed were subcultured to purity and stored at
�80°C until further use.

SDS-PAGE and Western blot assay. To analyze C. jejuni LOS sialylation, a
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel was run. Strains were harvested from an overnight Butzler agar plate, and
concentrations were equalized by OD600 measurement. Bacterial cell suspen-
sions were lysed using glass beads (MP Biomedicals, Solon, OH). Lysates were
digested with proteinase K at 60 �g/ml for 4 h at 56°C, and equal amounts were
run on a 10% SDS-PAGE Tris-HCl gel for 2 h. As a standard, the prestained
SDS-PAGE broad-range molecular weight marker was used (Bio-Rad, Nazareth
Eke, Belgium). After electrophoresis, the LOS was transferred to a nitrocellulose
membrane (Amersham Biosciences, Piscataway, NJ) for a Western blot assay.
The nitrocellulose membrane was blocked overnight with 0.05% (vol/vol) Tween
20 (Sigma-Aldrich, Zwijndrecht, The Netherlands) and 5% (wt/vol) nonfat milk
(Bio-Rad, Nazareth Eke, Belgium). The next day, the membranes were washed
three times for 10 min each with phosphate-buffered saline (PBS) and incubated
with horseradish peroxidase (HRP)-labeled cholera toxin (Sigma-Aldrich, Zwi-
jndrecht, The Netherlands) in 1% blocking buffer as a detection agent. The
presence or absence of sialylated LOS was visualized with an ECL detection kit

(Biocompare, San Francisco, CA) and Kodak photo film (Roche-Diagnostics,
Almere, The Netherlands) according to the manufacturers’ protocol.

Bacterial growth assay. The bacterial growth characteristics of the clinical
isolates and their corresponding mutants were determined in Mueller-Hinton
broth (Becton Dickinson, Breda, The Netherlands) and in a specific antibiotic-
free cell culture medium, which was used in the gentamicin exclusion assay.
Bacterial strains were inoculated at equal OD600s, equivalent to 5.0 � 104

CFU/ml, and incubated at 37°C with gentle shaking under a microaerobic envi-
ronment. Bacterial cell counts and OD600 values were determined at 4, 8, 18, 24,
36, and 42 h postinoculation.

Intestinal epithelial cell line. Caco-2 and T84 human intestinal epithelial cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% nonessential amino acids (all medium compo-
nents were from Invitrogen, Breda, The Netherlands). The cells were routinely
grown in a 75-cm2 flask (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) at
37°C in a humidified 5% CO2–95% air incubator. Confluent stock cultures were
washed with PBS (Invitrogen, Breda, The Netherlands) and trypsinized with
trypsin-EDTA (Lonza, Verviers, Belgium), and 5.0 � 105 cells were seeded in a
new 75-cm2 flask.

Adhesion and invasion. The adherence and invasion of C. jejuni were deter-
mined by growing the intestinal epithelial cells (Caco-2 or T84) to confluence for
48 h at a final approximate density of 5.0 � 106 cells per well (Greiner Bio-One,
Alphen a/d Rijn, The Netherlands) without allowing them to differentiate in the
case of Caco-2 cells. The adherence and invasion assays were performed by
incubating the epithelial cells with C. jejuni at a ratio of 1:100. Bacteria and
epithelial cells were coincubated for 2 h at 37°C under a 5% CO2–95% air
atmosphere to assess adherence. For invasion, a subsequent 2-h incubation of the
epithelial cells was allowed. After incubation, monolayers were washed three
times with prewarmed PBS. To kill extracellular bacteria, monolayers were
treated for 3 h with a bactericidal concentration of gentamicin (480 �g/ml)
(Sigma-Aldrich, Zwijndrecht, The Netherlands) in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1% nonessential amino acids as
described previously (38). For all strains, sensitivity to this concentration of
gentamicin was confirmed. After a wash, epithelial cells were lysed with 0.1%
Triton X-100 (Cornell, Philadelphia, PA) in PBS for 15 min at room tempera-
ture. The number of C. jejuni bacteria that had invaded the cells was determined
by plating serial dilutions of the lysis mix onto freshly prepared blood agar plates.
After incubation for 24 to 36 h at 37°C in a microaerobic environment, colonies
were counted. The percentage of bacteria that had invaded was calculated by first
dividing the number of C. jejuni bacteria that had invaded the cells by the number
of C. jejuni bacteria that had been inoculated onto the cells and then multiplying
by 100%. For determination of adherence, cells were washed extensively three
times with PBS, and the cell monolayer was lysed with 0.1% Triton X-100, after
which serial dilutions were plated onto blood agar plates (Becton Dickinson,
Breda, The Netherlands).

Inhibition of invasion. Formalin fixed, wild-type C. jejuni strains and their
�cst-II mutants were used to inhibit invasion by viable C. jejuni GB2, GB11, and
GB19. Briefly, GB2, GB11, GB19, and their �cst-II mutants at a starting con-
centration of 5.0 � 109 CFU/ml, determined by the OD600, were fixed in 3.6%
formalin (Sigma-Aldrich, Zwijndrecht, The Netherlands) in PBS for 10 min. The
excess of formalin was removed by washing the fixed cells three times in PBS.
The sterility of the control cultures confirmed that fixation was complete. Caco-2
cells at a density of 5.0 � 104 per well were preincubated for 30 min with
formalin-killed wild-type or �cst-II mutant C. jejuni strains at a multiplicity of
infection (MOI) ranging from 100 to 5,000. Subsequently, the Caco-2 cells were
washed to remove excess dead C. jejuni bacteria, and then fresh medium was
added. Viable wild-type cells were added at an MOI of 100, and invasion was
assessed by the gentamicin exclusion protocol as described above.

Statistical analysis. Statistical analysis was performed using Instat software
(version 2.05a; GraphPad Software, San Diego, CA). Because the invasiveness of
strains differed widely, log transformation was used to equalize variances. Inva-
siveness was expressed as the geometric mean number of CFU per milliliter
retrieved from the infected cell line in all three to six invasion experiments
performed per C. jejuni strain. Differences in invasiveness between LOS class A,
B, and C strains and LOS class D and E strains, and between GBS-associated and
enteritis-associated strains, were tested for significance with a Mann-Whitney U
test, since column statistics showed that the Gaussian distribution was unequal
for the strains. A two-tailed value with P � 0.05 indicated statistical significance.
Statistical analysis for differences in adherence and invasion between wild-type
and knockout mutant strains was performed, and differences were tested for
significance with a paired t test.
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RESULTS

LOS sialylation is associated with increased epithelial cell
invasion. We observed a wide range of invasion capacities
among the C. jejuni strains (Table 1). Categorization of C.

jejuni strains into those carrying sialylated (n � 30) and non-
sialylated (n � 18) LOS established that the sialylated-LOS
producers, classes A, B, and C, were more invasive than the
nonsialylated-LOS producers, classes D and E (median CFU

TABLE 1. C. jejuni strains and their invasiveness for Caco-2 cells

Straina LOS
locus % Invasionb

No. of invading
C. jejuni organisms

per 100 cells

Presence of
NeuAcc Ganglioside mimicd Illness

GB2 A 3.4 � 0.55 285–395 Yes GM1a, GD1a GBS
GB11 A 2.2 � 0.7 150–290 Yes GM1a, GD1a GBS
GB19 A 0.8 � 0.29 51–109 Yes GD1c GBS
GB3 A 0.12 � 0.046 7–16 Yes GM1a, GD1a GBS
GB22 A 0.05 � 0.026 3–7 Yes GM1a, GD1a GBS
GB23 A 1.17 � 0.14 103–131 Yes GM2 GBS
GB29 A 0.73 � 0.06 67–79 GBS
E990521 A 3.0 � 1.15 185–415 Enteritis
E991095 A 1.9 � 0.81 110–271 Enteritis
E9126 A 1.2 � 0.58 70–178 Enteritis
P19 A 4.7 � 1.4 330–610 Yes GM1a, GD1a Enteritis
P10 A 4.23 � 1.86 237–609 Yes GD3 Enteritis
P4 A 0.0054 � 0.00092 0.44–0.63 Yes GM1a, GD1a Enteritis
GB17 B 3.05 � 1.75 130–480 Yes GM1b, GD1c GBS
GB25 B 0.27 � 0.13 14–40 Yes GM1b, GD1c GBS
GB31 B 0.97 � 0.15 82–112 Yes GM1a, GD1a GBS
GB37 B 0.16 � 0.03 13–19 GBS
Rivm 16 B 1.98 � 0.7 192–205 Enteritis
Rivm 38 B 0.037 � 0.023 1.0–6.0 Enteritis
Rivm 129 B 0.084 � 0.026 5.0–11 Enteritis
E989123 B 0.29 � 0.011 18–40 Enteritis
E981033 B 0.26 � 0.075 18–33 Yes GM1a Enteritis
E98652 B 0.028 � 0.006 2–4 Yes GM1a, GQ1b Enteritis
81-176 B 0.26 � 0.06 20–32 Yes GM2, GM3 Enteritis
GB13 C 0.2 � 0.017 18–22 Yes GM1a GBS
GB38 C 1.8 � 0.77 103–257 GBS
Rivm 15 C 0.00075 � 0.00014 0.061–0.089 Enteritis
Rivm 83 C 2.75 � 1.28 147–403 Enteritis
Rivm 93 C 3.5 � 1.15 235–465 Enteritis
Rivm 109 C 1.22 � 0.44 78–166 Enteritis
Rivm 116 C 0.25 � 0.13 12–38 Enteritis
E98682 C 0.010 � 0.0036 0.6–1.4 Yes GM1a, GQ1b Enteritis
E981087 C 0.13 � 0.031 10–16 Yes GM1a Enteritis
P1 C 0.01 � 0.001 0.9–1.1 Yes GM2 Enteritis
P2 C 0.005 � 0.0017 0.33–0.67 Yes GM1b Enteritis
Rivm 3 D 0.005 � 0.0012 0.38–0.62 Enteritis
Rivm 33 D 0.017 � 0.0045 1–2 Enteritis
Rivm 65 D 0.018 � 0.0026 1–2 Enteritis
Rivm 67 D 0.0097 � 0.0013 0.5–1 Enteritis
Rivm 95 D 0.019 � 0.003 1–2 Enteritis
Rivm 104 D 0.0082 � 0.0014 0.68–0.96 Enteritis
E98706 D 0.014 � 0.0025 1.15–1.65 No None Enteritis
E970873 D 0.14 � 0.02 12–16 Enteritis
GB4 E 0.009 � 0.003 0.5–1 No None GBS
Rivm 37 E 0.081 � 0.029 5–11 Enteritis
Rivm 46 E 0.0065 � 0.0027 0.38–0.92
Rivm 47 E 0.097 � 0.028 6–12 Enteritis
Rivm 50 E 0.0065 � 0.00096 0.56–0.74 Enteritis
Rivm 61 E 0.011 � 0.0066 1–2 Enteritis
E9141 E 0.074 � 0.013 5–9 Enteritis
E9144 E 0.14 � 0.03 11–17 Enteritis
E9146 E 0.08 � 0.015 6–10 Enteritis
E98623 E 0.004 � 0.0015 0.2–0.5 No None Enteritis
E98624 E 0.003 � 0.00075 0.23–0.4 No None Enteritis
P3 E 0.0045 � 0.0013 0.32–0.58 No None Enteritis

a GB, GBS-associated strain; E, enteritis-related strain; P, Penner serotype strain. Strain 81-176 was used as a positive control.
b Data are means � standard deviations for at least three independent experiments and are calculated as the percentage of bacteria that survived the gentamicin

treatment.
c Determined by mass spectrometry or immunological methods for the 25 strains for which results are shown. Data were not available for the other strains.
d The LOS structures showing the ganglioside mimics of 18 strains were elucidated by mass spectrometry and immunological methods; for 7 strains, LOS structures

were elucidated by immunological methods only. Data were not available for the other strains.
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per milliliter, 408,300 for classes A, B, and C and 11,190 for
classes D and E; P � 0.0001) (Fig. 1A). Notably, on average,
the GBS-associated strains (n � 14) invaded significantly bet-
ter than the enteritis-associated strains (n � 34) (median CFU
per milliliter, 632,700 versus 49,630, respectively; P � 0.0046)
(Fig. 1B). The invasiveness of the C. jejuni Penner serotype
strains corresponded with LOS class expression of sialylated or
nonsialylated LOS, with the exception of Penner serotype
strain O:4. Thus, Penner serotype strain O:4 and also an en-
teritis-associated strain, Rivm 15, invaded poorly, despite the
presumed expression of sialylated LOS due to the presence of
a class A or C LOS biosynthesis gene cluster, respectively.
Strain 81-176 invaded the Caco-2 cell line as well as it did in
previous studies, although most of those invasion studies were
performed using a different cell line and a shorter incubation
period (see Table 1). All Dutch clinical strains that contain
LOS genes of class A, B, or C are thought to express sialylated
LOS (12). Characterization of the LOS ganglioside mimic
structures and determination of the presence or absence of
sialylation for the GBS strains (GB2, GB3, GB4, GB11, GB13,
GB17, GB19, GB22, GB23, GB25, and GB31) and enteritis
strains (E98-623, 624, 652, 682, 706, 1033, and 1087) were
carried out previously by immunological methods (1, 13).
These results are shown in Table 1.

LOS phenotype characteristics of different C. jejuni strains
and �cst-II mutants. As determined by mass spectrometry
analysis, GB19 expressed sialylated LOS in the form of gan-
glioside mimic GD1c (also referred to as GD3, due to the
structural similarity to human GD3). GD1c contains disialic
acid bound to the terminal galactose residue. All three �cst-II
mutants were chemically defined and found not to express
sialylated LOS. The LOS structures of C. jejuni strains GB2,

GB11, and GB19 and their associated �cst-II mutants are
shown in Fig. 2. For a subset of strains, comprising GB3, GB4,
GB13, GB17, GB22, GB23, GB25, and GB31, ganglioside
mimic structures were determined previously by mass spec-
trometry (Table 1) (13). The LOS structures of the Penner
serotype strains O:1, O:2, O:3, O:4, O:10, O:19, and 81-176
(Table 1) have been characterized previously by other re-
searchers (2–5, 15, 29). As can be seen by the absence of data
for some strains in Table 1, mass spectrometry data on LOS
structures were not available for all bacteria.

Knockout mutagenesis of cst-II does not affect the bacterial
growth rate significantly. To exclude the possibility that dif-
ferences in viability and growth rates would influence the re-
sults of our invasion assays, we assessed the growth rates of
wild-type strains GB2, GB11, and GB19 and their �cst-II mu-
tants in Mueller-Hinton medium and in the cell culture me-
dium used in the Caco-2 cell invasion assays. No significant
differences in growth rates were observed between the wild-
type GB2, GB11, and GB19 strains and their �cst-II mutants
during the time span of our invasion experiments (data not
shown).

Disruption of cst-II significantly affects the invasiveness of
C. jejuni for intestinal epithelial cells. We compared the ca-
pacities of the C. jejuni wild-type strains GB2, GB11, and
GB19 to adhere to and invade Caco-2 cells with those of their
respective �cst-II mutants. At an MOI of 100, wild-type and
mutant strains adhered equally well to the human Caco-2 cell
line (Fig. 3A). The only exception was the GB11 �cst-II strain,
which displayed a lower level of adherence than wild-type
GB11 (P � 0.031). GB2 �cst-II, GB11 �cst-II, and GB19
�cst-II all showed significant reductions in invasiveness relative

FIG. 1. The invasiveness of C. jejuni is dependent on sialylation of
the LOS. Scattergrams show the invasion of Caco-2 cells by Dutch C.
jejuni strains, categorized with respect to the type of LOS that is
expressed (sialylated LOS of classes A, B, and C [n � 30] versus
nonsialylated LOS of classes D and E [n � 18]) (A) or the clinical
outcome of infection, i.e., GBS (n � 14) versus uncomplicated gastro-
enteritis (n � 34) (B). Experiments were performed in triplicate and
repeated at least three times. For each strain, a geometric mean out-
come (number of CFU per milliliter) was calculated. The differences
between the geometric means of groups of strains were tested with the
Mann-Whitney U statistic. The median for each group of strains is
shown.

FIG. 2. Proposed LOS outer core structures as determined by mass
spectrometry analysis. Note that GB2 and GB11 express a mixture of
the sialylated LOS ganglioside mimics GM1 and GD1a, whereas GB19
expresses sialylated LOS only in the form of GD1c. In all three strains,
knockout mutagenesis of cst-II resulted in loss of expression of sialy-
lated LOS.
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to that of their wild-type parent strain (P � 0.005, P � 0.002,
and P � 0.008, respectively) (Fig. 3B).

In order to study whether the role of sialic acid in C. jejuni
invasion is restricted to interactions with Caco-2 cells, a small
selection of C. jejuni strains (P3, GB2, GB11, and GB13) and
�cst-II mutants (GB2 �cst-II and GB11 �cst-II) were tested for
invasiveness for the T84 human intestinal epithelial cell line
(data not shown). The levels of invasiveness of all wild-type
strains were similar in both cell types. Again, �cst-II mutants
displayed reduced (by 1 to 1.5 log units) invasion of T84 cells.
Together, these data establish that LOS sialylation contributes
significantly to the invasion of intestinal epithelial cells by C.
jejuni. We excluded variation in microbial motility as the mech-
anism underlying the reduced invasion of the �cst-II mutant
strains by performing quantitative swarming assays (data not
shown).

Complementation of the GB11 �cst-II mutant restores ex-
pression of sialylated LOS. Site-specific homologous recombi-
nation was used to reinstall the cst-II gene, together with its
promoter region, in the GB11 �cst-II strain. Using HRP-la-

beled cholera toxin as a detection agent, we confirmed the
expression of sialylated LOS of the wild-type GB11 strain and
of three selected clones of the complemented GB11 �cst-II
mutant by a Western blot assay (Fig. 4, lanes 1, 3, 4, and 5,
respectively). The GB11 �cst-II mutant did not express sialy-
lated LOS (Fig. 4, lane 2). LOS isolated from the 11168 ge-
nome strain was used as a positive control for the binding of
the HRP-labeled cholera toxin (Fig. 4, lane 6).

Complementation of the GB11 �cst-II mutant restores in-
vasiveness. The Western blot assay provided evidence that the
complemented mutant was now capable of LOS sialylation.
With the gentamicin exclusion assay, we were able to show that
this complementation also restored invasiveness to wild-type
levels (Fig. 5). These results reiterate the importance of LOS
sialylation in invasion.

Fixed, sialylated LOS-containing strains inhibit invasion by
their viable counterparts. The decreased invasiveness of GB2
�cst-II, GB11 �cst-II, and GB19 �cst-II and the restored wild-
type invasion phenotype of the complemented GB11 �cst-II
mutant clearly indicate a role for C. jejuni LOS sialylation in
invasion. In order to further address the involvement of LOS
sialylation in invasion, we designed an inhibition assay. We
preincubated the Caco-2 cells with formalin-fixed, nonviable
sialylated wild-type strains (GB2, GB11, and GB19) before
incubating the cells with viable sialylated wild-type strains
(GB2, GB11, and GB19). We found reductions of as much as
1 to 2 log units in invasion by viable wild-type strains. When
Caco-2 cells were preincubated with an excess of formalin-
fixed nonsialylated LOS �cst-II mutants, no differences in in-
vasion were found relative to the invasion control (Fig. 6). The
control groups consisted of Caco-2 cells that were incubated
only with the viable wild-type strain GB2, GB11, or GB19.
These results corroborate that LOS sialylation is an important
determinant of epithelial cell invasiveness.

DISCUSSION

The mucosal epithelial cells are the first to interact with
enteric pathogens such as C. jejuni. This microorganism may
temporarily colonize the intestines in the absence of any clin-
ical symptom. On the other hand, C. jejuni has been implicated
in the pathogenesis of immune-mediated pathologies, e.g.,
GBS. Because C. jejuni infection can present with a such wide
range of symptoms, it is crucial to further identify factors and
mechanisms that control C. jejuni epithelial invasion and per-
sistence (42). We hypothesized that the factors that regulate C.
jejuni epithelial invasion may contribute directly to postinfec-
tious sequelae, e.g., GBS.

Several C. jejuni outer membrane proteins, e.g., CadF, JlpA,
and PEB1, play roles in epithelial adhesion and invasion (8, 20,
32). Recently, PEB1 has also been identified as an amino acid
transport system, which is essential for microbial growth (22).
Previous studies that identified microbial LOS as a generally
important factor for invasion have been confirmed for C. jejuni
(15, 17, 25, 33). Here we specifically addressed if and to what
extent sialylation of C. jejuni LOS contributes to microbial
invasion. Therefore, we performed a large-scale survey by test-
ing a heterogeneous panel of 48 human-isolated C. jejuni
strains, 7 human control strains, and 3 sialyltransferase (cst-II)

FIG. 3. LOS sialylation plays an important role in invasion of, but
not in adherence to, Caco-2 cells by C. jejuni. C. jejuni wild-type strains
GB2, GB11, and GB19 and their respective �cst-II mutants were
studied for adherence to (A) and invasion of (B) human enterocyte-
like Caco-2 cells. Circles represent the wild type; triangles represent
the mutant. Differences in adhesion and invasion were tested for sig-
nificance by using the standard t test. Data are expressed as geometric
means for at least three experiments, each performed in triplicate.
Error bars, standard deviations.
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knockout strains. The knockout strains were previously shown
to lack the capacity of LOS sialylation (12).

Our studies indicate that LOS sialylation facilitates epithe-
lial invasion (Table 1), since C. jejuni strains expressing sialy-
lated LOS invaded significantly more frequently than nonsia-
lylated LOS strains (P � 0.0001). Two strains with presumed
LOS sialylation displayed low invasiveness. These results show
that LOS sialylation must be regarded as an important con-
tributor to C. jejuni invasiveness but not the single determi-
nant. Earlier reports support the hypothesis that several factors
determine invasiveness (15, 17, 25, 33). Similar contributions
of sialic acid to invasiveness have been established for other

pathogens (36, 43). In contrast, one study reports on inhibition
of invasion by sialic acid (40).

Our experiments with the GB2, GB11, and GB19 sialyltrans-
ferase (cst-II) knockout strains further established the impor-
tance of LOS sialylation, since these mutated strains expressing
nonsialylated LOS displayed significantly lower invasiveness
than their respective wild-type controls. The methods for gen-
eration of such knockout strains may be accompanied by var-
ious technical side effects, e.g., mutation of genes other than
the target gene. Furthermore, insertion of an antibiotic resis-
tance cassette may induce expression or silencing of adjacent
genes and gene products. Therefore, we set up experiments
using a complemented �cst-II mutant strain. We show that this
procedure indeed restored sialylation of the LOS (Fig. 4) and
subsequent invasiveness to wild-type levels (Fig. 5).

In our studies, only the GB11 �cst-II mutant strain showed
diminished adherence relative to that of its wild-type parent
strain, indicating a less important role for LOS sialylation in
epithelial adhesion than in invasion. These findings indicate
that adhesion and invasion are regulated by different sets of
factors. Adhesion is likely established by proteins such as
CadF, JlpA, and PEB1 (8, 20, 32), whereas invasion is more
influenced by LOS sialylation in the strains we tested.

To support the hypothesis that invasion is facilitated by LOS
sialylation, we established that formalin-fixed wild-type strains
GB2, GB11, and GB19, but not the isogenic �cst-II mutants,
were able to inhibit epithelial invasion by viable GB2, GB11,

FIG. 4. Western blot assay for analysis of cholera toxin binding at the LOS of wild-type GB11, its �cst-II mutant, and the complemented GB11
�cst-II mutant strain. Lane 1, LOS of the GB11 wild-type strain; lane 2,LOS of the GB11 �cst-II mutant strain; lanes 3, 4, and 5, LOS from three
selected clones of the complemented GB11 �cst-II mutant; lane 6, LOS of the 11168 genome strain, used as a positive control. The LOS band is
present at around 7 kDa.

FIG. 5. Complementation of the GB11 �cst-II mutant restores the
wild-type phenotype for invasion observed with GB11. The C. jejuni
wild-type strain GB11, the GB11 �cst-II mutant, and the comple-
mented GB11 �cst-II (C) mutant were studied for invasion of human
enterocyte-like Caco-2 cells. Data are geometric means from at least
three independent experiments, each performed in duplo. Error bars,
standard deviations.
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and GB19 strains. These findings may have two implications.
First, these data may help to identify novel epithelial invasion
receptors. Second, these experiments may lead to the discovery
of specific agents that can be used to block microbial invasion.

Previously, sialylation of C. jejuni LOS was associated with
GBS (12, 27, 46). Isolates from GBS patients mainly synthesize
sialylated LOS of classes A and B (�80%) (13). Strains iso-
lated from enteritis patients show a more mixed LOS compo-
sition, with a tendency toward nonsialylated LOS expressed by
classes D and E. Notably, the presence of strains expressing
LOS classes A and B in enteritis patients is around 20 to 25%.
Therefore, the enhanced invasiveness of GBS-associated
strains seems to result from the frequent presence of LOS class
A and B strains in this patient group (1). We hypothesize that
among other risk factors, enhanced invasiveness (e.g., through
LOS class A expression) contributes to the development of
postinfectious complications such as GBS.

In conclusion, we demonstrate that C. jejuni strains express-
ing sialylated LOS have an overall increased capacity to invade
intestinal epithelial cells. Knockout mutagenesis of the cst-II
gene and complementation and blocking experiments provide
additional evidence on the role of LOS sialylation in the inva-
sion of the intestinal epithelium. Understanding the function
of LOS sialylation in epithelial cell invasion may provide us
with potential target structures for future therapeutic interven-

tions in C. jejuni-mediated diarrheal disease and its postinfec-
tious complications.
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