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Twenty-one isolates were tested for their ability to adhere to and invade HEp-2 cells in vitro. Of the 21
organisms tested, 2 did not invade the HEp-2 cells, and 1 of these did not adhere to the epithelial cells.
Campylobacter jejuni clinical isolates were more invasive than the nonclinical strains that were tested. When
HEp-2 cells were treated with cytochalasin B, the invasiveness of C. jejuni was reduced, indicating active
participation of the host cell in the uptake of these organisms. The number of intracellular C. jejuni isolates
decreased when Campylobacter whole-cell lysates were adsorbed onto HEp-2 cell monolayers. Experiments
were also conducted to identify the functional sites of the antigens responsible for expression of Campylobacter
invasion. Oxidation of lysates with sodium meta-periodate significantly affected its inhibitory capacity. This
implies that the Campylobacter invasive ligand appears to be dependent upon an intact carbohydrate moiety.

Members of the genus Campylobacter are gram-negative,
microaerophilic, curved to spiral rods that have a single
polar flagellum. They are recognized as causative agents of
infectious disease in humans and animals throughout the
world. Campylobacter jejuni is the third most common cause
of diarrhea in developing countries and the third most
common cause of enteritis in children residing in these same
regions (4, 6, 10, 14). Knowledge of the mechanism(s) of
Campylobacter pathogenesis is unclear. This lack of knowl-
edge has confounded the prevention and treatment of
campylobacteriosis. Potential virulence factors that may
play a role in pathogenesis include enterotoxin production,
cytotoxin production, and invasion.

At present, the least understood aspect of Campylobacter
virulence is the interaction of these organisms with intestinal
cells. C. jejuni has not been found to be invasive by the
Sereny-Anton test, a standard reference test for bacterial
invasion (28). However, both clinical and experimental
evidence suggests that invasion plays a role in the disease
process. Blood and leukocytes have frequently been ob-
served in the feces of patients diagnosed or infected with C.
Jejuni (3, 11). Direct tissue invasion is further supported by
in vivo models (13, 17, 35). Intracellular organisms have
been observed by immunofluorescence and electron micros-
copy in infected chickens (35, 36).

Cell culture has been used to examine the invasiveness of
many bacteria, including Escherichia coli (25), Salmonella
spp. (31), Yersinia spp. (26), and Aeromonas spp. (8,27).
Bacterial infection of cell cultures is a useful tool, since a
uniform population of cells can be infected under defined
conditions. These assays are simple and reproducible and
allow for the quantitation of both adherent and internalized
bacteria. Additionally, selective modification of either the
bacterial inoculum or the host cell can be done.

Ascertainment of the mechanism by which campylobac-
ters invade the intestinal epithelium is of primary importance
in understanding the pathogenesis of the resulting disease
and has provided the rationale for initiating these studies.
Data are presented that show participation of the host cell in
the infectious process and the nature of the invasive ligand.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains. Four C. jejuni strains (29428, 33560,
35919, and 35925), one Campylobacter coli strain, and one
Campylobacter fetus strain were acquired from the Ameri-
can Type Culture Collection (ATCC; Rockville, Md.). Clin-
ical isolates of C. jejuni (M95, M96, M97, M98, M125, M126,
M128, M129, and M131) were kindly supplied by Kenneth
Ryan (University Medical Center, University of Arizona,
Tucson, Ariz.). These strains were isolated from patients
with clinical signs of campylobacteriosis. C. jejuni SJ was
obtained from Pat Flynt (St. Joseph’s Hospital, Tucson,
Ariz.). The experimental isolates C. jejuni SLA, C. coli
FBM, and Campylobacter hyointestinalis Flan were isolated
from pigs with clinical signs of bloody diarrhea, histological
lesions of ileitis, and enterocytes with intracellular Campylo-
bacter spp. Salmonella typhimurium was obtained from
Harvey Olander (University of California at Davis). This
strain was isolated from the gal bladder of an animal with
clinical signs of diarrhea and vomiting. This organism was
used as a positive control for the invasiveness of HEp-2
cells.

Cultivation of bacteria. Upon receipt in our laboratory,
strains were passed only once or twice on Mueller-Hinton
(MH) agar plates containing 4% citrated bovine before they
were frozen at —70°C on bovine blood for use as stock
cultures. Campylobacter isolates were cultured on MH
plates and passed every 2 days. With the exception of C.
Jejuni SJ, all strains were incubated at 37°C. C. jejuni SJ was
incubated at 42°C. Additionally, all Campylobacter strains,
with the exception of Campylobacter mucosalis, were incu-
bated under microaerophilic conditions (10.2% hydrogen,
10.2% carbon dioxide, and nitrogen balance). C. mucosalis
was incubated under anaerobic conditions (50% carbon
dioxide and 50% hydrogen). The purity of bacterial strains
was monitored by phase-contrast microscopy and colony
formation on culture plates.

Epithelial cells. HEp-2 cells (ATCC CCL 23) was main-
tained in Eagle minimal essential media (MEM) supple-
mented with 10% fetal bovine serum without the use of
antibiotics. Cells were grown routinely in 75-cm? flasks at
37°C in a 5% CO,, humidified atmosphere. Confluent stock
cultures were trypsinized, and new stock cultures were
seeded with 10° cells/ml. For all experimental assays, 24-
well tissue culture trays (Falcon; Becton Dickinson Lab-
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ware, Oxnard, Calif.) were seeded with 5.0 x 10* HEp-2
cells per ml. Plates were incubated for 18 h at 37°C in a
humidified 5% CO, incubator. Prior to the assays, the
semiconfluent monolayers were washed and incubated with
MEM containing 1% fetal bovine serum.

Adherence and invasion assay. Bacteria were harvested
from plates with phosphate-buffered saline (PBS) and pel-
leted by centrifugation at 6,000 X g for 10 min at 4°C. The
pellets were suspended in MEM with 1% fetal bovine serum
to approximately 10® bacteria per ml, and 0.5 ml of this
suspension was inoculated into duplicate wells containing
semiconfluent monolayers of HEp-2 cells. The titers of the
bacterial suspensions were determined retrospectively on
MH agar plates. Infected monolayers were incubated for 3 h
at 37°C under a 5% CO, atmosphere to allow the bacteria to
adhere to the cells. The monolayers were then washed five
times with 1 ml of MEM with 1% fetal bovine serum and
reincubated for 3 h under the same conditions to allow
bacterial invasion of the cells. Medium containing 250 pg of
gentamicin (GIBCO Laboratories, Grand Island, N.Y.) per
ml was added to one of the wells for the enumeration of
intracellular bacteria. In preliminary experiments, 250 g of
gentamicin per ml killed all Campylobacter isolates after a
3-h exposure. To the other well, medium without any
antibiotic was added to enumerate the number of intracellu-
lar and extracellular bacteria. Following incubation, mono-
layers were washed three times with PBS and lysed with
0.5% sodium desoxycholate (Difco Laboratories, Detroit,
Mich.) (12). The suspensions were diluted, and viable bac-
teria were determined by counting the CFU on MH agar
plates. Results are expressed as the average number of
bacteria adhering to and invading HEp-2 cells for three
determinations.

Antiserum preparation. Bacterial antiserum was produced
in New Zealand White rabbits. Approximately 10° formal-
ized bacteria in PBS were mixed with Freund complete
adjuvant (1:1), and 0.5 ml was inoculated into the rear
footpad. At 14 days, a 1-ml bacterial suspension in Freund
complete adjuvant (1:1) was split and inoculated intramus-
cularly and subcutaneously. Rabbits were exsanguinated at
28 days. Serum samples were prepared and frozen at —20°C.

Fluorescent-antibody test. Inmunofluorescence techniques
were used initially to determine the presence of intracellular
and extracellular bacteria (23). This test is based on the fact
that immunoglobulins do not cross the intact plasma mem-
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brane but diffuse freely into permeabilized cells (16). After
infected monolayers were incubated with the bacterial sus-
pensions for 3 h, duplicate wells were fixed with formalde-
hyde. To enumerate intracellular bacteria, one well was
extracted with cold acetone. Cell monolayers were washed
four times with PBS and inoculated with a 1:100 dilution of
fluorescein isothiocyanate-labeled goat anti-rabbit immuno-
globulin G (heavy and light chains) (Kirkegaard and Perry
Laboratories, Inc.). Cell cultures were rinsed four times with
PBS and mounted in glycerol-PBS (1:1) under a glass cover
slip. Cells were observed under an epifluorescence micro-
scope.

Treatment of HEp-2 cells with cytochalasin B. Cytochalasin
B (Sigma Chemical Co., St. Louis, Mo.) was prepared as a
1-mg/ml stock solution in dimethyl sulfoxide (Sigma). This
stock was diluted in MEM at concentrations ranging from 1
to 16 ng/ml and added to equal volumes of MEM containing
approximately 10® CFU of C. jejuni 33560. One milliliter of
the bacterial inoculum was suspended in grade concentra-
tions of cytochalasin B and applied to each well containing a
semiconfluent monolayer of HEp-2 cells. Plates were incu-
bated for the standard 3-h infection period, and the number
of intracellular and extracellular bacteria was determined as
described above.

Whole-cell lysates. C. jejuni 33560 was harvested from MH
plates with PBS and pelleted by centrifugation at 6,000 X g
for 10 min at 4°C. The pellet was suspended in PBS, and the
bacteria were disrupted by five passages through a French
pressure cell (American Instrument Co., Inc.) at 16,000
Ib/in2. The preparation was then centrifuged at 6,000 x g for
30 min at 4°C to remove whole cells. The supernatant was
harvested and dispensed into 1 ml fractions. These fractions
were stored frozen at —70°C.

Chemical treatment of bacteria and lysates. All enzymes
and chemicals used to pretreat C. jejuni 33560 and lysates
were obtained from Sigma. C. jejuni was incubated with
various amounts of trypsin (0.5 to 2.5 mg/ml) or proteinase K
(10 to 100 pg/ml) for 30 min at 37°C (8, 9, 32). Pretreated
bacteria were washed twice in PBS.

Lysates were treated with 10 mM sodium meta-periodate
in 0.1 M sodium acetate buffer at pH 4.5 for 15 min at
room temperature in the dark (19, 32). Free aldehyde groups
were blocked with 1% glycine (37). Once treated with
glycine, the sample was dialyzed extensively in PBS. Ly-
sates were also treated with 100 pg of proteinase K per ml in

TABLE 1. Invasion of HEp-2 cells by Campylobacter spp.

No. of bacteria/well

Strain
Inoculum®

Intracellular +

Intracellular® extracellular®

(7.8 = 2.8) x 107
9.3 £ 1.2) x 107
1.4 +1.2) x 107
(8.9 £ 6.7) x 107
(1.2 £1.1) x 108
(7.2 £ 6.9) x 107
(4.3 = 0.6) x 107
(1.1 £0.7) x 108
(1.4 = 1.0) x 108
(8.8 = 5.4) x 107
(1.7 = 0.3) x 108
(5.0 = 1.3) x 107

S. typhimurium

C. jejuni SLA

C. jejuni 29428

C. jejuni 33560

C. jejuni 35919

C. jejuni 35925

C. coli ATCC

C. coli FBM

C. hyointestinalis ATCC
C. hyointestinalis Flan
C. fetus ATCC

C. mucosalis

6.8 £ 3.0) x 10° (5.1 £ 1.9) x 10°
2.7 £2.1) x 10! (1.2 = 1.0) x 10°
0 (5.1 = 4.9) x 10®
2.7 £1.7) x 10? (1.5 = 0.8) x 10*
(1.1 £ 0.9) x 10? (6.8 = 5.6) x 10*
(1.4 = 1.3) x 10? 2.2 £0.9) x 10*
(5.1 £ 4.4) x 102 (5.7 £ 4.7) x 10°
33+58 (2.2 £ 1.2) x 10?
0 (1.4 = 1.3) x 10?
6.6 + 11.5 (4.3 = 4.9) x 10
6.6 +5.8 (7.6 = 5.8) x 102

0 0

“ Viable bacteria inoculated per well of a 24-well plate.
® Viable bacteria invading cells per well of a 24-well plate.
¢ Viable bacteria invading and adhering to cells per well of a 24-well plate.
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TABLE 2. Invasion of HEp-2 cells by C. jejuni clinical isolates

No. of bacteria/well

C. jejuni
strain Inoculum? Intracellular? Ig;';ng;:ﬁ;
SJ 22+12)x107 (2.5%0.6) x 10> (3.2 =3.0) x 10°
M95 1.3 +1.2) x 10® (5.7 £5.4) x10° (1.3 =1.0) x 10°
M9%6 5.5+13) x107 (2.4 +=1.8) x 10* (4.9 =2.1) x 10°
M97 9.0 +3.1) x 107 (3.3 £3.0) x 10> (3.4 = 2.5) x 10*
M98 4.5 +1.0) x 107 (7.9 =0.2) x 10* (1.8 = 0.5) x 10*
MI25 (1.5+0.4) x10° (29 1.6) x 10° (3.7 = 3.4) x 10°
MI26 (9.7 +6.5) x 107 (1.9 = 1.3) x 10* (1.1 = 1.0) x 10°
M128 (1.0 = 0.6) x 108 (7.3 £ 1.3) x 10° (3.4 = 1.4) x 10*
MI129 (6.0 £ 0.5) x 107 (6.3 =2.7) x 10* (1.1 = 0.9) x 10°
MI131 (3.3 +21)x 107 (23 %14) x10% (52 = 4.3) x 10°

4 Viable bacteria inoculated per well of a 24-well plate.
® Viable bacteria invading cells per well of a 24-well plate.
€ Viable bacteria invading and adhering to cells per well of a 24-well plate.

0.1 M N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES) buffer for 30 min at 37°C (34). A stock of phenyl-
methylsulfonyl fluoride was made in 100% 2-propanol. Phen-
ylmethylsulfonyl fluoride was added to the sample at a 10 to
1 molar ratio of inhibitor to enzyme (20). After a 5-min
incubation, the sample was dialyzed extensively in PBS.
Sodium meta-periodate- and proteinase K-treated lysates
were concentrated 10-fold by passage through an ultrafiltra-
tion membrane (YM-10; Amicon Corp., Danvers, Mass.).
Additionally, lysates were heat treated at both 60 and 100°C
in a water bath for 30 min. Samples were immediately placed
in an ice bath after heat treatment (15).

Pretreated lysates were used in competitive inhibition
studies in the following manner. Lysates (100 to 250 pg/ml)
were adsorbed to HEp-2 cells for 1 h at 37°C in a humidified
atmosphere. Monolayers were then washed with MEM,
inoculated with a 1-ml suspension containing an equal vol-
ume of bacteria (10%) and lysates (100 and 250 pg of protein
per ml), and incubated for the standard 3-h infection period.

Gel electrophoresis. Protein concentrations were deter-
mined by the BCA assay (Pierce Laboratories). Samples
containing 40.0 pg of total protein were heated for 4 min at
100°C in 40% distilled H,0-20% glycerol-20% sodium dode-
cyl sulfate (10% [wt/vol]; Sigma)-2.5% 2-mercaptoethanol
(Fisher Scientific Co., Pittsburgh, Pa.)-2.5% bromophenol
blue (0.05% [wt/vol]; Fisher) in a final volume of S50 ul.
Polyacrylamide gel electrophoresis was performed with 4%
stacking and 10 to 20% exponential gradient separating gels.
The acrylamide (Bio-Rad Laboratories, Richmond, Calif.)
was cross-linked with 0.8% N,N’-methylenebisacrylamide
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(Bio-Rad). Slabs were electrophoresed at a constant current
of 35 mA per slab at 12°C. Gels were fixed overnight with 8%
acetic acid in 50% methanol. They were visualized by
staining them with Coomassie brilliant blue dye (LKB In-
struments, Inc., Rockville, Md.).

Statistical analysis. Standard deviations were calculated by
the Student ¢ test. Significance between sample and control
groups was calculated by transforming the data with the
following equation: log(l + x). Values were then subjected
to analysis of variance. P values exceeding 0.1 were consid-
ered not significant.

RESULTS

The ability of C. jejuni 33560 to adhere to and invade
HEp-2 tissue culture cells was initially studied by using
indirect immunofluorescence techniques. Intracellular and
extracellular C. jejuni were easily identified. However, this
method was inconvenient for screening a large number of
isolates because of the time spent trying to count internal-
ized bacteria. Thus, an assay was developed in which the
number of intracellular and extracellular bacteria could be
determined with ease and greater accuracy.

HEp-2 adherence and invasion assay. Eleven Campylobac-
ter strains were tested for their ability to invade HEp-2 cells
(Table 1). Four of five C. jejuni strains, two C. coli strains,
one C. hyointestinalis strain, and one C. fetus strain were
invasive for HEp-2 cells. However, only three of the four
invasive C. jejuni strains and one C. coli strain (ATCC) were
considered to be highly invasive, having at least 102 intra-
cellular bacteria. The ability of C. jejuni clinical isolates to
adhere to and invade HEp-2 cells was also addressed (Table
2). In general, the clinical isolates were found to be more
invasive than ATCC strains and experimental Campylobac-
ter strains. Each C. jejuni clinical isolate was considered to
be highly invasive. C. jejuni M125 was the most invasive
Campylobacter strain tested.

The total number of HEp-2 cell-associated bacteria (intra-
cellular and extracellular) for each Campylobacter strain
examined is reported in Tables 1 and 2. A significant
variation in bacterial attachment to HEp-2 cells was ob-
served. This occurred despite the source of the strain. C.
mucosalis was the only isolate tested that did not adhere to
the HEp-2 cells.

Experiments were done to determine whether a lack of
adherence or invasiveness of isolates was related to a failure
of bacteria to become associated with HEp-2 cells (Table 3).

TABLE 3. Invasiveness of Campylobacter spp. following centrifugation onto HEp-2 cell monolayers

No. of bacteria/well

Strain®

Intracellular +

Inoculum?

Intracellular®

extracellular?

C. jejuni 29428¢
C. coli FBM“

C. hyointestinalis ATCC?
C. hyointestinalis Flan®

C. fetus ATCC?
C. mucosalis

(1.4 = 0.4) x 107
1.0 = 0.7) x 108
(1.0 = 0.2) x 108
(2.1 £0.9) x 10®
(3.0 £ 0.5 x 108
(1.1 = 0.6) x 108

(4.2 £ 0.7) x 10?
2.3 £0.7) x 10?
0
(8.0 = 4.0) x 10!
2.0 = 1.7) x 10?
0

(2.8 = 0.8) x 10°

(7.0 = 4.0) X 10*

(1.0 = 0.4) x 10?

(3.0 = 2.0) x 10*

(2.0 = 1.2) x 10*
0

¢ Bacteria were centrifuged at 600 X g for 30 min onto the cells prior to incubation.

b Viable bacteria inoculated per well of a 24-well plate.
€ Viable bacteria invading cells per well of a 24-well plate.

4 Viable bacteria invading and adhering to cells per well of a 24-well plate.
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TABLE 4. Effects of cytochalasin B on adhesion to and
invasion of HEp-2 cells by Campylobacter spp.

No. of bacteria/well

Concn

(ug/ml) a Intracellular +
Inoculum Intracellular® extracellular®

0.5 (1.0 £0.8) x 108 (3.6 +£2.7) x 10> (1.3 £ 0.3) X 10°

+
1.0 (1.0 £ 0.8) x 108 (2.4 = 1.4) x 10°
2.0 (1.0 £ 0.8) x 10° (1.9 = 1.4) x 10° (2.5 = 2.1) x 10°
4.0 (1.0 £ 0.8) x 10® (1.1 £0.9) x 10° (3.1 = 3.0) x 10*
8.0 (1.0 = 0.8) x 10® (9.8 +6.7) x 10> (4.3 = 3.1) x 10*
Control (1.0 * 0.8) x 10® (4.4 = 3.8) x 10° (8.0 = 5.1) x 10*

(1.4 £0.7) x 10°

¢ Viable bacteria inoculated per well of a 24-well plate.

b Viable bacteria invading cells per well of a 24-well plate.

€ Viable bacteria invading and adhering to cells per well of a 24-well plate.
4 Significant at P < 0.1.

Isolates in which less than 10! internalized bacteria were
previously found were centrifuged onto the HEp-2 cells
following infection and prior to the first incubation (12). The
invasiveness of C. coli FBM and C. fetus ATCC increased
by more than 1 log unit. C. jejuni 29428, which was initially
determined to be noninvasive, was found to be invasive. C.
hyointestinalis ATCC and C. mucosalis did not invade
HEp-2 cells, and C. mucosalis did not adhere to the cells,
even though it was centrifuged onto the HEp-2 monolayer
surface.

Effect of cytochalasin B on infection of HEp-2 cells. Cyto-
chalasin B has been shown to inhibit particle engulfment by
professional and nonprofessional phagocytic cells (1). Cy-
tochalasin B inhibited the invasion of C. jejuni 33560 at
concentrations of 1 pg/ml or greater (Table 4). In addition,
the total number of cell-associated and extracellular adher-
ent bacteria increased as the concentration of cytochalasin B
increased.

Blockage of invasion. An attempt was made to block the
invasion of C. jejuni and S. typhimurium. Monolayers were
incubated with C. jejuni whole-cell lysates (100 to 250 ug of
protein per ml) 1 h prior to and simultaneously with bacterial
infection. The invasiveness of C. jejuni was significantly
inhibited in comparison with that of the control in competi-
tive inhibition assays with lysate (Table S). C. jejuni lysates
had no effect on the invasiveness of S. typhimurium for
HEp-2 cells (Table 5).

Pretreatment of bacteria and lysates. To determine what
type of Campylobacter surface antigens might be involved in
the adherence and invasion of C. jejuni to HEp-2 cells,

TABLE 5. Affect of Campylobacter lysates on the invasion of
HEp-2 cells by C. jejuni and S. typhimurium

No. of bacteria/well
Treatment

lysates

Intracellular +
extracellular®

100 wg/ml? (8.0 = 0.3) X 107 (9.0 = 1.0) X 10% (4.1 = 2.3) x 10*
250 pg/ml¢ (8.0 = 0.3) x 107 (2.0 = 0.5) x 10%* (3.0 = 1.2) x 10*
ControlY (8.0 = 0.3) x 107 (1.6 = 0.4) x 10> (5.3 = 0.7) x 10*
100 wg/m¥" (1.1 = 0.3) X 10% (2.0 = 0.8) X 10° (5.0 = 1.2) x 10°
250 pg/mF (1.1 = 0.3) x 108 (2.5 + 2.0) X 10° (6.0 = 1.6) x 10°
Controf (1.1 £0.3) x 10® (2.0 = 1.4) x 10° (5.0 = 3.0) x 10°

Inoculum® Intracellular®

< Viable bacteria inoculated per well of a 24-well plate.

b Viable bacteria invading cells per well of a 24-well plate.

€ Viable bacteria invading and adhering to cells per well of a 24-well plate.
4 HEp-2 cells inoculated with C. jejuni 33560.

¢ Significant at P < 0.1.

f HEp-2 cells inoculated with S. typhimurium.

ADHESION AND INVASION BY CAMPYLOBACTER SPP.

2987

bacteria were pretreated with trypsin, proteinase K, and
sodium meta-periodate prior to infection of HEp-2 monolay-
ers. Pretreatment of bacteria with various concentrations of
trypsin and proteinase K had no effect on the ability of the
bacteria to adhere to or invade HEp-2 cells (data not shown).
Sodium meta-periodate was toxic to the bacteria.

An attempt was then made to determine the functional
sites of the antigens involved in adherence and invasiveness
by treating C. jejuni lysates with proteinase K or sodium
meta-periodate or by denaturation with heat at both 60 and
100°C for 30 min. Table 6 shows the competitive inhibition of
C. jejuni with treated and untreated Campylobacter lysates
and the noncompetitive (no lysate) control. The activity of
proteinase K and sodium meta-periodate was confirmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Fig. 1). Pretreatment of lysate with proteinase K or heat had
no effect on the reduction of invasion of HEp-2 cells by C.
jejuni. However, subjection of the lysate production to
periodate oxidation significantly affected its inhibitory ca-
pacity.

DISCUSSION

In this study, we showed that Campylobacter strains
adhere to and invade HEp-2 cells in culture. The assay was
relatively simple, reproducible, and quantitative. Intracellu-
lar bacteria were measured by including gentamicin in the
medium during the second incubation. The internalized
bacteria were protected since the antibiotic could not pene-
trate HEp-2 cells (27). Occasionally, rounding of HEp-2 cells
was observed during the 6-h infection period. Infection of
HEp-2 cells with C. jejuni and C. coli strains has been
reported to cause cytopathic effects as cell rounding, loss of
adherence, and death after 24 to 48 h of incubation (24, 38).

Adherence of microbial pathogens to mucosal surfaces is a
primary step in the pathogenesis of many intestinal infec-
tions (2). In most instances, adherence appears to be a
prerequisite for invasion. Expression of both of these activ-
ities can be due to the presence of a single structure on the
bacterial cell surface. Isberg et al. (18) have reported that a
protein expressed on the surface of Yersinia pseudotubercu-
losis allows bacteria to bind to cell receptors. Organisms that
do not express this protein do not bind to or invade cells.
Results from our study indicate that the adherence of Cam-
pylobacter spp. to HEp-2 cells is necessary for invasion but
that different antigens are responsible for the attachment to
and invasion of HEp-2 cells by Campylobacter spp. C.
hyointestinalis ATCC did not adhere to cells but was not
found to be invasive. Furthermore, the number of adherent
bacteria did not correlate with the number of intracellular
bacteria. Four organisms, three C. jejuni strains (SLA,
35919, and 35925) and one C. coli strain (ATCC), adhered to
HEp-2 cells at a greater extent than C. jejuni 33560 did.
However, C. jejuni 33560 was more invasive than those
four strains. Thus, at least two different antigens appear to
be involved: one that is responsible for adhesion and another
that is responsible for invasion.

The ability of Campylobacter isolates to invade HEp-2
cells varied considerably. C. hyointestinalis ATCC and C.
mucosalis did not invade HEp-2 cells. C. jejuni clinical
isolates, in general, were more invasive than the nonclinical
strains that were tested. Eight clinical isolates (M95, M96,
M97, M98, M125, M126, M128, and M129) were more
invasive than C. jejuni 33560. Possibly, the host and envi-
ronment for which an organism was isolated plays a role in
its ability to invade epithelial cells in vitro. Newell et al. (33)
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TABLE 6. Effect of pretreatment of lysates on its inhibitory capacity

No. of bacteria/well

Condition
a Intracellular +
Inoculum Intracellular® extracellular
60°C, 30 min (1.0 = 0.6) x 10° (3.2 = 1.0) x 10° (7.0 £ 1.5) x 10°
100°C, 30 min (1.0 = 0.6) x 10° (1.6 = 0.5) x 10% (3.1=0.2) x 10°

(1.0 £ 0.6) x 108
(1.0 = 0.6) x 10°
(1.0 £ 0.6) x 108
(1.0 = 0.6) x 10®

Proteinase K°¢

Sodium meta-periodate”

250 pg/ml (no pretreatment)®
Control*

(1.2 £ 0.2) x 103
(7.0 £ 2.4) x 10°
1.9 = 0.0) x 10*
(7.8 £ 1.4) x 10°

(5.0 £ 2.1) x 10*
(2.8 = 1.4) x 10*
(3.0 = 1.0) x 10*
(3.0 = 1.0) x 10*

@ Viable bacteria inoculated per well of a 24-well plate.

® Viable bacteria invading cells per well of a 24-well plate.

¢ Viable bacteria invading and adhering to cells per well of a 24-well plate.
4 Significant at P < 0.1.

¢ Lysate treated with 100 ug of proteinase K per ml for 30 min at 37°C (pH 7.5).
£ Lysate treated with 10 mM sodium meta-periodate for 10 min at room temperature in the dark (pH 4.5). One percent glycine was added after treatment.

# Competitive inhibition of C. jejuni 33560 invasion with lysate.
" C. jejuni 33560 invasion (control) of HEp-2 cells.

have reported that C. jejuni and C. coli environmental
isolates were less invasive compared with clinical isolates of
C. jejuni and C. coli. We are currently studying whether the
subculturing of bacteria for long periods of time has an affect
on their invasiveness.

Cytochalasin B has been shown to inhibit the uptake of
Salmonella typhimurium (22) and Shigella flexneri (16). It
appears to act by disrupting subplasmalemma microfila-
ments, which play a role in the translocation of the plasma
membrane during phagocytosis (1). Cytochalasin B was used
in this study to determine whether the host cell is actively
involved in the uptake of C. jejuni. Cytochalasin B affected
both the number of internalized bacteria and the total
number of cell-associated bacteria. These effects were dose
dependent; as the concentration of cytochalasin B increased,
the number of internalized bacteria decreased and the total
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FIG. 1. Coomassie-stained sodium dodecyl sulfate-polyacryla-
mide gels of untreated and treated lysates of C. jejuni. Lanes: 1,
Untreated lysate; 2, proteinase K-treated lysate; 3, sodium meta-
pen:date-treated lysate. K indicates molecular weight (in thou-
sands).

number of cell-associated bacteria increased. Cytochalasin
B-treated cells have a lower mean negative electrophoretic
mobility than nontreated cells do (29). Kihlstrom and Nils-
son (23) have reported an increase in cell-associated bacteria
with Salmonella typhimurium infection of cytochalasin B-
treated cells; they proposed that this was due to a reduction
in electrostatic repulsion forces between the bacteria and
host cells. Our results showed that cytochalasin B inhibits
the uptake of C. jejuni by HEp-2 cells. This finding suggests
that the uptake of these bacteria requires active participation
of the host cell and proceeds by a process similar to
phagocytosis.

C. jejuni lysates adsorbed to HEp-2 cells inhibited bacte-
rial invasion. However, HEp-2 cell-adsorbed bacterial ly-
sates had very little effect on the number of cell-associated
bacteria. McSweegan and Walker (30) have reported that the
adhesion of Campylobacter isolates to INT 407 cells is
reversible. They proposed that irreversible binding of bac-
teria to the cells requires multiple points of attachment.
Possibly, the adsorption of lysates to HEp-2 cells prevents
the bacteria from establishing multiple bonds by saturation
of cell receptor sites or steric hindrances. In our experi-
ments, the bacteria might have detached from the cell
receptor(s) prior to internalization. We considered the pos-
sibility that lysates inhibited bacterial invasion in a manner
analogous to that of cytochalasin B, in that host cell partic-
ipation was inhibited. This was examined by staining HEp-2
cells with trypan blue after incubation with lysates. Lysates
were not toxic to HEp-2 cells, as determined by trypan blue
viability staining. Additionally, preadsorption of lysates to
HEp-2 cells had no effect on the invasiveness of S. typhimu-
rium. Thus, the invasiveness of Campylobacter spp. which
was demonstrated here in vitro, appears to be a result of
specific physical-chemical interactions between ligands.

An attempt to determine the nature of the antigen(s)
involved in adherence and invasiveness was then made by
two methods. First, bacteria were pretreated with trypsin,
proteinase K, and sodium meta-periodate. Neither trypsin
nor proteinase K significantly affected the ability of the
organism to adhere to or invade HEp-2 cells. Sodium meta-
periodate was toxic to the bacteria. Second, lysates were
subjected to various treatments. Lysates were treated at
60°C for 30 min to determine whether heat-labile protein
antigens, such as flagella, were involved. A slight increase in
C. jejuni adherence and invasion was found versus that in
the untreated lysate sample. This finding is supported by the
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work of McSweegan and Walker (30), who reported an
increase in C. coli adherence to epithelial cells by using
organisms which were treated with KCN to immobilize the
flagella. The increase in adherence and invasion may be due
to changes in electrostatic repulsion forces. Bacterial motil-
ity does appear to be important in facilitating the contact of
the organisms with cells. The invasiveness of C. jejuni
29428, C. coli FBM, and C. fetus ATCC increased by more
than 1 log unit in experiments that were used to determine
whether a lack of invasiveness is related to a failure of the
bacteria to become associated with HEp-2 cells. Jones et al.
(21) have reported similar findings with S. typhimurium
infection of HeLa cells in culture. The heating of lysates at
100°C for 30 min did not have an effect on the inhibition of
invasion. This was done to test whether trace cytotoxin
produced by Campylobacter spp. is heat labile at 100°C for
30 min but stable at 60°C for 30 min (38). Finally, proteinase
K-treated lysates should have ruled out the possibility that a
thermostable peptide is responsible. Regarding the nature of
the receptor(s) involved, our results suggest that the anti-
gen(s) responsible for invasiveness is dependent upon an
intact carbohydrate moiety. Mild periodate oxidation at
acidic pH has been shown to cleave carbohydrate vicinal
hydroxyl groups without altering polypeptide chain struc-
tures (5). Subjection of lysates to periodate oxidation signif-
icantly affected its inhibitory capacity.

Naess et al. (32) have found that pretreatment of C. coli
with trypsin, pronase, or periodate or by boiling reduced the
adhesion of bacteria by 45%. However, the investigators
were not able to show a reduction in adhesion by bacterial
extracts made with heat, pronase, trypsin, and phenol-
water-extracted lipopolysaccharide (LPS). Competitive inhi-
bition results were not reported for extracts prepared with
sodium meta-periodate. In contrast, McSweegan and
Walker (30) have found that 250 to 1,000 ug of phenol-
water-prepared LPS per ml completely abolishes the adher-
ence of C. jejuni to INT 407 cells. However, they did not
look at the viability of cells after they were subjected to such
high levels of LPS. Furthermore, the method they used to
determine the number of bacteria that adhered to monolay-
ers determined the total number of cell-associated bacteria
(intracellular and extracellular), not just the number of
bacteria that adhered to the cells. Such high levels of LPS
may have been toxic to the cultured cells, and the reduction
of adherence may have been a reflection of fewer internal-
ized bacteria. Toxic levels of LPS would inhibit bacterial
internalization by inhibiting the cellular processes that are
involved in phagocytosis. Izhar et al. (19) did show that the
adherence of Shigella flexneri to intestinal cells was reduced
by 50% with the addition of 10 ug of LPS per ml. In addition,
subjection of Shigella LPS to periodate oxidation signifi-
cantly affected its inhibitory capacity. Our results suggest
that the antigen(s) involved in Campylobacter internalization
is glycoprotein or carbohydrate in nature. This would mean
that Campylobacter spp. possess one mechanism similar to
that of Shigella flexneri for gaining entrance into host cells.

The data presented here suggest that infection of HEp-2
cell monolayers with Campylobacter spp. involves active
participation of the host cell. We conclude that virulent
Campylobacter spp. possess at least two distinct antigens,
one that initiates interaction of the bacteria with host cells
and one that initiates phagocytosis. In contrast to many
bacteria which produce a proteinaceous surface antigen
which promotes bacterial attachment and cell invasion (7,
18), the nature of the Campylobacter invasive ligand appears
to be dependent upon an intact carbohydrate moiety. Our
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inability to reduce adhesion is reflective of the complexity of
the interaction of the organisms with intestinal cells and
suggests that it may be multifactorial. Considerable work is
still needed to determine the nature of the antigen(s) respon-
sible for the adhesion of Campylobacter spp. to cells, as well
as to identify the invasive ligand.

ACKNOWLEDGMENTS

We thank Mitchell Halter, Rodolfo Marquez, Farah Babakhani,
and James Cramer for technical assistance and Mitchell Halter and
Beth Mapother-Joens for helpful discussions. We also thank Rick
Axelson for help with statistical treatment of the data.

This research was supported by grant 87-CRSR-2-3118 from the
U.S. Department of Agriculture.

LITERATURE CITED

1. Axline, S. G., and E. P. Reaven. 1974. Inhibition of phagocytosis
and plasma membrane mobility of the cultivated macrophage by
cytochalasin B. J. Cell Biol. 62:647-659.

2. Beachey, E. H. 1981. Bacterial adherence: adhesion-receptor
interactions mediating the attachment of bacteria to mucosal
surfaces. J. Infect. Dis. 143:325-345.

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

4. Blaser, M. J., R. L. Glass, M. 1. Hug, B. Stoll, G. M. Kibriya,
and A. R. M. A. Alim. 1980. Isolation of Campylobacter fetus
subsp. jejuni from Bangladeshi children. J. Clin. Microbiol.
12:744-747.

5. Bobbitt, J. M. 1956. Periodate oxidation of carbohydrates. Adv.
Carbohydr. Chem. Biochem. 11:141.

6. Bokkenheuser, V. D., N. J. Richardson, J. H. Bryner, D. J.
Roux, A. B. Scutte, H. J. Koornhof, I. Freiman, and E. Hart-
man. 1979. Detection of enteric campylobacteriosis in children.
J. Clin. Microbiol. 9:227-232.

7. Bolin, 1., L. Norlander, and H. Wolf-Watz. 1982. Temperature-
inducible outer membrane protein of Yersinia pseudotuberculo-
sis and Yersinia enterocolitica is associated with the virulence
plasmid. Infect. Immun. 37:506-512.

8. Carrello, A., K. A. Siburn, J. R. Budden, and B. J. Chang. 1988.
Adhesion of clinical and environmental Aeromonas isolates to
HEp-2 cells. J. Med. Microbiol. 26:19-27.

9. Chugh, T. D., G. J. Burns, H. J. Shuhaiber, and E. A. Bishbishi.
1989. Adherence of Staphylococcus epidermidis to human pha-
ryngeal epithelial cells: evidence for lipase-sensitive adhesin
and glycoprotein receptors. Curr. Microbiol. 18:109-112.

10. De Mol, P., W. Hemelhof, J. P. Butzler, D. Brasseur, T. Kalala,
and H. L. Vis. 1983. Enteropathogenic agents in children with
diarrhoea in rural Zaire. Lancet i:516-518.

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

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

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

14. Glass, R. L., B. J. Stoll, M. 1. Hug, M. J. Struelens, M. ]J. Blaser,
and A. K. M. G. Kibrya. 1983. Epidemiologic and clinical fea-
tures of endemic Campylobacter jejuni infections in Bang-
ladesh. J. Infect. Dis. 148:292-296.

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

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



2990

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

KONKEL AND JOENS

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

Isberg, R. R., D. L. Voorhis, and S. Falkow. 1987. Identification
of invasin: a protein that allows enteric bacteria to penetrate
cultured mammalian cells. Cell 50:769-778.

Izhar, M., Y. Nuchamowitz, and D. Mirelman. 1982. Adherence
of Shigella flexneri to guinea pig intestinal cells is mediated by a
mucosal adhesin. Infect. Immun. 35:1110-1118.

James, G. T. 1978. Inactivation of the protease inhibitor phen-
ylmethylsulfonyl fluoride in buffers. Anal. Biochem. 86:574-
579.

Jones, G. W., L. A. Richardson, and D. Uhlman. 1981. The
invasion of HeLa cells by Salmonella typhimurium: reversible
and irreversible bacterial attachment and the role of bacterial
motility. J. Gen. Microbiol. 127:351-360.

Kihistrom, E. 1980. Interaction between Salmonella bacteria
and mammalian nonprofessional phagocytes. Am. J. Clin. Nutr.
33:2491-2501.

Kihlstrom, E., and L. Nilsson. 1977. Endocytosis of Salmonella
typhimurium 395 MS and MR10 by HeLa cells. Acta. Pathol.
Microbiol. Scand. Sect. B 85:322-328.

Klipstein, F. A., R. F. Engert, H. Short, and E. A. Schenk. 1985.
Pathogenic properties of Campylobacter jejuni: assay and con-
centration with clinical manifestations. Infect. Immun. 50:43-
49.

Knutton, S., P. H. Williams, D. R. Lloyd, D. C. A. Candy, and
A. S. McNeish. 1984. Ultrastructural study of adherence to and
penetration of cultured cells by two invasive Escherichia coli
strains isolated from infants with enteritis. Infect. Immun.
44:599-608.

Lassen, J., and G. Kapperud. 1986. Serotype-related HEp-2 cell
interaction of Yersinia entercolitica. Infect. Immun. 52:85-89.
Lawson, M. A., V. Burke, and B. J. Chang. 1985. Invasion of
HEp-2 cells by fecal isolates of Aeromonas hydrophila. Infect.
Immun. 47:680-683.

Manninen, K. 1., J. F. Prescott, and I. R. Dohoo. 1982. Patho-

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

INFECT. IMMUN.

genicity of Campylobacter jejuni isolates from animals and
humans. Infect. Immun. 38:46-52.

Mayhew, E., and D. E. Maslow. 1974. Cytochalasin B and the
sialic acids of Ehrlich ascites cells. Exp. Cell Res. 83:255-260.
McSweegan, E., and R. I. Walker. 1986. Identification and
characterization of two Campylobacter jejuni adhesins for cel-
lular and mucous substrates. Infect. Immun. 53:141-148.
Mintz, C. S., D. O. Cliver, and R. H. Deibel. 1983. Attachment
of Salmonella to mammalian cells in vitro. Can. J. Microbiol.
29:1731-1735.

Naess, V., A. C. Johannessen, and T. Hofstad. 1988. Adherence
of Campylobacter jejuni and Campylobacter coli to porcine
intestinal brush border membranes. Acta Pathol. Microbiol.
Immunol. Scand. 96:681-687.

Newell, D. G., H. McBride, F. Saunders, Y. DeHele, and A. D.
Pearson. 1985. The virulence of clinical and environmental
isolates of Campylobacter jejuni. J. Hyg. 94:45-54.
Perez-Perez, G. 1., M. J. Blaser, and J. H. Bryner. 1986.
Lipopolysaccharide structures of Campylobacter fetus are re-
lated to heat-stable serogroups. Infect. Immun. 51:209-212.
Ruiz-Palacios, G. M., E. Escamilla, and N. Torres. 1981. Exper-
imental Campylobacter diarrhea in chickens. Infect. Immun.
34:250-255.

Tsai, C. M., and L. F. Frasch. 1982. A sensitive silver strain for
detecting lipopolysaccharide in polyacrylamide gels. Anal. Bio-
chem. 119:115-119.

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

Woodward, M. P., W. W. Young, and R. A. Bloodgood. 1985.
Detection of monoclonal antibodies specific for carbohydrate
epitopes using periodate oxidation. J. Immun. Methods 78:
143-153.

Yeen, W. P., S. D. Puthucheary, and T. Pang. 1983. Demonstra-
tion of a cytotoxin from Campylobacter jejuni. J. Clin. Pathol.
36:1237-1240.



