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Campylobacter jejuni uptake into cultured INT407 cells was analyzed kinetically over a wide range of starting
multiplicities of infection (MOI; from 0.02 to 20,000 bacteria/epithelial cell). The efficiency of internalization
was the highest at MOI of 0.02 and decreased steadily at higher MOIs, presumably due to reported C. jejuni
autoagglutination at higher densities. Total internalized Campylobacter CFU increased gradually from an MOI
of 0.02 to a peak at an MOI of 200 (reaching an average of two bacteria internalized per epithelial cell) and
decreased at higher MOIs. The invasion process was apparently saturated within 2 h at an MOI of 200, indi-
cating stringent host cell limitations on this entry process. Furthermore, whereas control Salmonella typhi invad-
ed all monolayer cells within 1 h, only two-thirds of monolayer cells were infected after 2 h with C. jejuni at
MOIs of 200 to 2,000. The percentage of Campylobacter-infected host cells gradually increased to 85% after 7 h
of infection, suggesting that C. jejuni entry may be host cell cycle dependent. Direct evidence of the involvement
of microtubules in C. jejuni internalization, suggested previously by biochemical inhibitor studies, was obtained
by time course immunofluorescence microscopic analyses. Bacteria initially bound to the tips of host cell mem-
brane extensions containing microtubules, then aligned in parallel with microtubules during entry, colocalized
specifically with microtubules and dynein but not with microfilaments, and moved over 4 h, presumably via mic-
rotubules to the perinuclear region of host cells. Orthovanadate, which inhibits dynein activity, specifically re-
duced C. jejuni 81-176 entry, suggesting that this molecular motor is involved in entry and endosome trafficking
during this novel bacterial internalization process. Collectively, these data suggest that C. jejuni enters host
cells in a targeted and tightly controlled process leading to uptake into an endosomal vacuole which apparently
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moves intracellularly along microtubules via the molecular motor, dynein, to the perinuclear region.

Campylobacter jejuni and C. coli are among the most com-
mon causes of human diarrheal diseases and are estimated to
cause illness annually in 1% of the U.S. population (4, 59, 60).
These Campylobacter spp. are spiral, gram-negative, polarly
flagellated, and strictly microaerophilic bacteria, a diagnostic
requisite that both delayed their recognition as human patho-
gens and likely hampers accurate measure of their true inci-
dence today. The pathophysiology of diarrheal disease caused
by Campylobacter spp. is poorly understood, although as few as
5 to 500 organisms given orally can cause human diarrheal
illness (1, 54). Clinical symptoms range from a protracted wa-
tery diarrhea to bloody diarrhea with fever, abdominal cramps,
and the presence of fecal leukocytes (1, 2, 4, 12). In addition,
recent evidence has revealed several C. jejuni serotypes as the
causative factors of postdiarrheal Guillain-Barré paralysis (3),
amplifying the importance of this pathogen. The results of
intestinal biopsies of patients, infected primates, and several
other experimental model animals have demonstrated the abil-
ity of C. jejuni to invade enterocytes and suggest that some
Campylobacter spp. cause invasive intestinal disease (2).

The cultured eukaryotic cell invasion assay technique (13)
has become a standard experimental procedure in the study of
bacterial internalization mechanisms. Bacterial internalization
has typically been observed to involve rearrangement of the
host cytoskeletal structure, resulting in endocytosis of the
pathogen. The cytoskeleton of eukaryotic cells is a complex
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array of proteins, the most prominent of which are actin and
tubulin, which comprise microfilaments (MFs) and microtu-
bules (MTs), respectively. These filamentous structures, to-
gether with intermediate filaments, are involved in both cellu-
lar and subcellular movements and in the determination of
host cell shape. Most invasive enteric organisms (e.g., Salmo-
nella, Shigella, Listeria, and Yersinia spp. [7, 16, 18, 31, 43]) have
been found to trigger largely MF-dependent entry pathways.
The ability of C. jejuni to invade cultured human intestinal
epithelial cells has been found to be strain dependent and quite
variable in efficiency (10, 15, 33, 37, 48). Campylobacter inter-
nalization has been variously reported to require MFs (15, 36),
MTs (48), both MFs and MTs (48), or neither (55), depending
on the host cell type and methods used and the C. jejuni strain
studied. Only a few C. jejuni strains have been studied in any
detail for invasion mechanism, leaving the host cell cytoskel-
etal requirements for and the mechanism(s) of Campylobacter
entry into epithelial cells an open question. To confuse matters
more, some C. jejuni isolates have been associated with diar-
rhea and others have been associated with dysentery; it is not
known whether only some strains cause invasive disease. In
1993, Oelschlaeger et al. (48) described a relatively high effi-
ciency invasion process for C. jejuni 81-176, a well-studied
strain which has been shown to cause disease by human feed-
ing (1), and demonstrated through the use of biochemical
inhibitors that C. jejuni 81-176 enters cultured human intesti-
nal INT407 cells via a novel process that requires polymerized
MTs, but not MFs as required by Salmonella typhi for entry.
The present study was undertaken specifically to better char-
acterize the C. jejuni 81-176 invasion mechanism through (i)
kinetic analyses of C. jejuni 81-176 invasion to ascertain the
effects of time and bacterial concentration on maximal invasion
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and the percentage of host cells infected, (ii) two-dimensional
and laser scanning confocal immunofluorescence microscopic
analyses and biochemical inhibition studies to characterize fur-
ther the involvement of MTs in the invasion process; and (iii)
assessment of the potential role of the minus-end-directed MT
motor protein dynein in the C. jejuni invasion mechanism.

MATERIALS AND METHODS

Bacterial strains, cell lines, media, and culture conditions. C. jejuni 81-176, an
often-studied strain obtained originally from the stool of a colitis patient (38),
and strain RY213, a noninvasive mutant of C. jejuni 81-176 with two copies of the
cheY gene (64), were grown in Mueller-Hinton (M-H) biphasic medium and on
M-H agar (Difco) under a Campylobacter microaerophilic atmosphere of 10%
0,-5% CO,-85% N,. Experimental control bacteria, invasive S. typhi Ty2W and
noninvasive Escherichia coli HB101, were grown at 37°C in L broth (Difco) to
mid-log phase for invasion studies. Human embryonic intestinal epithelial
(INT407) and human colon cancer (Caco-2) cells, obtained from the American
Type Culture Collection, were maintained in liquid nitrogen and cultivated in
minimal essential media with 10% heat-inactivated fetal calf serum (Gibco), 0.2
mM L-glutamine, and 0.1 mM nonessential amino acids, as recommended by the
American Type Culture Collection. Media for Caco-2 cells also contained 1 mM
sodium pyruvate.

Invasion assay. The assay was performed essentially as described previously
(14, 48) except that the bacterial inoculum was not centrifuged to initiate contact
with epithelial cells and monolayer cells were not completely confluent. Mono-
layer cells were split and grown for 24 h before use in invasion assays. To a ~80%
confluent monolayer of about 10° epithelial cells per well of a 24-well plate,
different multiplicities of infection (MOIs) of mid-log-phase (optical density at
600 nm [ODyq] of 0.6 to 0.8) bacteria were added in 50 pl of minimal essential
medium to 1 ml of culture medium per well. Infected monolayers were typically
incubated for 2 h at 37°C in a 5% CO,—95% air atmosphere to allow invasion to
occur. For time course analyses, the invasion period was varied from 0 to 120 min
and in some studies up to 7 h. Following this invasion period, the monolayer was
washed three times with Earle’s balanced salt solution with Ca?* and Mg>"
(EBSS) (Gibco) and incubated for another 2 h in fresh tissue culture medium
containing gentamicin (100 pg/ml) to kill extracellular bacteria. After the gen-
tamicin kill period, the infected monolayers were washed as described above and
lysed with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 15 min at
room temperature on an orbital shaker. Following serial dilution in PBS, re-
leased intracellular bacteria were enumerated by colony count on M-H agar
cultured under Campylobacter atmospheric conditions. Each internalization as-
say was performed simultaneously in three separate wells and repeated on at
least three separate occasions. Results are presented as the mean =+ standard
error (SE). Control studies were conducted to verify that a 1-h exposure of C.
Jejuni to 100 wg of gentamicin per ml resulted in 100% kill. Also, trypan blue
assays verified that no increased death of cultured cells occurred over the time
course of these studies at various starting MOIs. Certain invasion levels were
compared by the Student ¢ test for statistically significant differences.

Invasion assays in the presence of biochemical inhibitors. Inhibitors of eu-
karyotic cell processes were generally added to the monolayer 1 h prior to the
addition of bacteria and were maintained throughout the 2-h invasion period, as
described previously (48). Bacteria were typically added at an MOI of 20 for
these inhibitor studies. Note that the relative degree of inhibition was not af-
fected by varying the MOI from 2 to 2,000. The dynein inhibitor sodium or-
thovanadate (22) was added to host cells 30 min prior to the addition of bacteria
and was maintained throughout the invasion period. Then the infected mono-
layer was washed three times with EBSS and incubated for another 2 h in fresh
culture medium containing gentamicin (100 pg/ml) to kill extracellular bacteria.
Subsequently, the infected monolayers were washed and internalized bacteria
were enumerated by plate count as described above. Control studies were con-
ducted to verify that at the concentrations used each inhibitor did not affect
epithelial cell viability over the assay period, as measured by trypan blue staining,
or bacterial viability, as assessed by viable plate count. S. fyphi was used here as
a MF-dependent invasion control. All invasion inhibition assays were conducted
in three separate wells during each assay and were repeated on three separate
occasions.

Direct visualization of internalized bacteria by the AO-CV method. Infected
monolayers, grown on glass coverslips placed in 24-well tissue culture plates,
were stained at various times postinfection with 0.01% acridine orange (AO) in
Gey’s solution for 45 s, rinsed in EBSS, counterstained with 0.5% crystal violet
(CV) in 0.15% NaCl for another 45 s, and then washed with EBSS (29, 44). Glass
coverslips with stained preparations were mounted on slides and were viewed
with a fluorescence microscope. Under these conditions, intracellular viable
bacteria appeared green, nonviable bacteria appeared orange, and all extracel-
lular bacteria counterstained a dark violet. Manual, multiplanar focusing was
used to visualize and enumerate all bacteria present in each three-dimensional
host cell. The percentage of infected host cells at each time point was extrapo-
lated by assessing the presence or absence of bacteria in at least 30 host cells in
several different microscopic fields.

INFECT. IMMUN.

Indirect immunofluorescence assays. Intestinal cells were grown as described
above on coverslips for 24 h. INT407 cells were infected with C. jejuni 81-176 at
an MOI of 20 for 0.5, 1, 2, or 4 h at 37°C. The monolayer cells were washed three
times, fixed, and permeabilized by the method of Osborn and Weber (49). In
brief, samples were washed three times with PBS, fixed at room temperature with
3.7% paraformaldehyde for 15 min, incubated with 1% glycine in PBS to quench
excess aldehyde groups, permeabilized with 0.1% Triton X-100 for 5 min, and
treated with 1% bovine serum albumin in PBS for 15 min to reduce nonspecific
binding of added antibodies. Thereafter, the monolayer was incubated at 37°C
for 1 h with mouse monoclonal anti-a-tubulin antibody (Sigma catalog no. T9026)
diluted 1:50 in PBS and rabbit polyclonal anti-C. jejuni 81-176 antibody (1631; kindly
provided by P. Guerry-Kopecko) diluted 1:4,000 in PBS or Salmonella group D
antiserum (Difco) diluted 1:100. Treated monolayers were washed three times for 10
min each with PBS and incubated for 1 h with Texas red-X-conjugated goat anti-
mouse immunoglobulin G and with fluorescein isothiocyanate (FITC)- or Oregon
Green 514-conjugated goat anti-rabbit immunoglobulin G (Molecular Probes or
Sigma). In some studies, the fluorescent stains were reversed. To stain actin-con-
taining structures, the host cells were treated with coumarin phenyl isothiocyanate-
labeled phalloidin (Sigma) for 30 min at 37°C. Host cell dynein was examined by
using a mouse monoclonal antidynein antibody (Sigma catalog no. D5167). Each
stained monolayer was mounted with Vectashield mounting medium to reduce
photobleaching and was viewed with a Zeiss MC100 fluorescence microscope
and a Bio-Rad MRC600 confocal laser scanning microscope. Antibody specific-
ities were verified in control studies with noninfected and infected host cells,
before and after reaction with primary antibody or secondary antibody.

The finger-like, MT-based membrane extensions shown in Fig. 3A and 4A
were not observed with light immunostaining but instead required dense immu-
nostaining of MTs. Adobe Photoshop was used on computer-scanned images of
the above-described immunofluorescence micrographs to deintensify the staining
of the cell body while maintaining the intensity of MT staining at the cellular
margins, which resulted in enhanced visualization of these thin MT-based mem-
brane protrusions.

RESULTS

Bacterial concentration and growth phase dependence for
optimal C. jejuni internalization. INT407 cells were infected
with different starting MOIs (number of bacteria added per
epithelial cell) of mid-log-phase C. jejuni 81-176 and incubated
for 2 h (the invasion period) and then for another 2 h in the
presence of gentamicin (the gentamicin kill period) prior to
enumeration of internalized bacteria. The highest invasion ef-
ficiency (3.5%) was observed at the lowest MOI of 0.02, and
invasion efficiency decreased steadily at higher MOIs (Fig.
1A). This observation contrasts sharply with our published
kinetic analyses of S. typhi invasion, where the invasion effi-
ciency was suboptimal at lower MOIs, reached a broad opti-
mum at an MOI of ~40, and decreased markedly at higher
bacterial concentrations (29). On the other hand, the total
number of internalized bacteria increased with greater bacte-
rial concentrations from an MOI of 0.02 steadily to a broad
maximal peak at an MOI of 200 and decreased thereafter (Fig.
1B). At an MOI of 200, approximately two bacteria were in-
ternalized per epithelial cell (average for all host cells) (Fig.
1C). In limited studies, early-stationary-phase (ODy,, of 1.2)
C. jejuni 81-176 organisms added at the optimal MOI of 200
were reduced about three- to fivefold in typical invasion effi-
ciency relative to mid-log-phase bacteria.

For an experimental control, the noninvasive E. coli strain
HB101 was internalized at a =1,000-fold-lower level at an
MOT of 200 than C. jejuni 81-176 (data not shown). The non-
invasive C. jejuni 81-176 mutant strain RY213 was found at all
MOIs to be >100-fold lower in invasion ability (Fig. 1D) than
the parental strain (Fig. 1A), as reported previously (64). Thus,
C. jejuni 81-176 determines its own observed high-efficiency
invasion ability.

Saturation kinetic analyses reveal stringent host cell limi-
tation(s) and potential cell cycle dependence for entry. A ki-
netic analysis over a 2-h invasion period of C. jejuni 81-176
entry into INT407 cells was conducted at the above-deter-
mined optimal MOI of 200. As shown in Table 1, bacterial
invasion was first assessed by an indirect plate count method
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FIG. 1. Comparative kinetic study showing the effect of varying the starting MOI or phase of bacterial growth on C. jejuni 81-176 or mutant RY213 invasion
efficiency (percentage of the starting inoculum internalized at the end of the assay) versus the number of bacteria internalized into INT407 cells. All assays were
conducted in triplicate and repeated on separate days at least three times. (A) Effect of varying the starting MOI and phase of bacterial growth on C. jejuni 81-176
invasion efficiency. Invasion assays were conducted, as described in Materials and Methods, by testing a range of starting bacterial concentrations (expressed as MOIs)
and using a 2-h invasion period and a 2-h gentamicin kill period prior to enumeration of internalized bacteria. Results are presented as the mean invasion efficiency +
SE. (B) Effect of varying the starting MOI and phase of bacterial growth on total number of bacteria internalized. Invasion assays were conducted as described above.
Total number of internalized bacteria per assay well is expressed as CFU per well. Results are presented as the mean CFU per well = SE. Numbers of CFU per well
obtained at MOIs of 200 and 2,000 were significantly greater than numbers of CFU internalized at lower starting MOIs (P < 0.01). (C) Effect of varying the MOI on
the resulting number of internalized bacteria averaged per epithelial cell. Invasion assays were conducted as described above. The total number of internalized log-phase
C. jejuni 81-176 bacteria is expressed as the average number of bacteria internalized per epithelial cell (obtained by dividing total internalized bacteria by 10° epithelial
cells in each well). Results are presented as the mean of the average number of bacteria per epithelial cell = SE. The resulting averaged numbers of bacteria per
epithelial cell at MOIs of 200 or 2,000 were significantly (P < 0.01) greater than numbers obtained at lower starting MOIs. (D) Effect of varying the MOI on the invasion

efficiency of log-phase C. jejuni RY213. Invasion assays were conducted as described for panel A, and results are reported as mean invasion efficiency = SE.

following a gentamicin kill period. C. jejuni entry was easily
observed at 10 min, and the total internalized C. jejuni in-
creased at each time point up to 2 h. However, the rate of entry
was optimal only for the first 90 min and then decreased. When
the total number of internalized bacteria, obtained by the in-
direct plate count method, were averaged over all monolayer
cells, the number of bacteria internalized per host cell steadily
increased to about 2 (Table 1).

To assess the percentage of INT407 cells infected over time
and the actual number of bacteria internalized per infected
host cell, we used the AO-CV direct visualization method. The
total numbers of stained, live intracellular bacteria observed
over time (Table 1) were very similar to those measured by
indirect plate count. This direct viewing method revealed that
an increasing number of monolayer cells were infected over
time. However, after 2 h, only two-thirds of the host cells were
infected, with an average of approximately two bacteria per
infected host cell. These internalized bacteria were typically

observed as well-separated organisms (apparently a result of
two separate invasion events).

Extended time course invasion studies in which C. jejuni
81-176 was added at an MOI of 20 revealed that an invasion
period of 4 h was needed to achieve the same number of
internalized bacteria as obtained in 2 h at an MOI of 200 (data
not shown). At this 4-h time point, about 70% of the host cells
were infected. The number of internalized bacteria reached
four per host cell after 7 h of invasion at an MOI of 20,
probably due to invasion of some uninfected host cells and
mainly to limited intracellular multiplication. Surprisingly, only
85% of monolayer cells were found to be infected after 7 h.

Involvement of MTs and MFs in C. jejuni 81-176 invasion.
To extend our previous observations (48), we assessed different
inhibitors of MT polymerization (colchicine, vinblastine, and
vincristine) and used both INT407 and Caco-2 cells to examine
the cytoskeletal requirements for invasion into these different
human intestinal epithelial cell lines. Compounds that cause
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TABLE 1. Kinetic analyses of C. jejuni 81-176 entry
into INT407 cells”

Indirect viable Direct visualization

Post- count assay AO-CV assay
infection

time Invasion Avg. no. of inter- % INT407 Avg. no. of inter-
(min) efficiency nalized bacteria/ cells nalized bacteria/
(%) averaged/host cell infected infected host cell

10 0.12 = 0.04 0.18 = 0.03 10.33 £3.51 1.22 £ 0.00

30 0.67 £ 0.24 0.80 = 0.17 22.00 = 3.46 1.85 £ 0.17

60 0.93 = 0.16 1.13 = 0.05 51.00 = 5.57 1.93 £ 0.12

90 1.36 £ 0.17 1.72 £ 0.13 66.33 = 5.57 2.02 =0.18

120 1.42 £ 0.18 1.76 = 0.29 68.00 = 3.73 2,13 +0.23

“ Young INT407 cells were infected with C. jejuni 81-176 at an MOI of ~200
for various times. The infected host cells were washed with EBSS and incubated
for an additional 2 h with fresh medium containing 100 g of gentamicin per ml;
then internalized bacteria were enumerated by indirect bacterial count or ob-
served directly via microscopic analysis of stained, infected monolayers by the
AO-CV method as detailed in Materials and Methods. Invasion efficiency rep-
resents the percentage of the inoculum internalized by the end of the assay. Total
bacteria internalized per well at each time point was divided by 10° monolayer
cells or the actual number of infected host cells to determine the number of
internalized bacteria per host cell or number of internalized bacteria per infected
host cell, respectively. The direct visualization method was used to enumerate
the actual percentage of host cells containing internalized bacteria. Results
shown are the mean = SE of at least three separate assays.

depolymerization of MFs or MTs were individually used to
pretreat INT407 or Caco-2 cell monolayers before and during
the 2-h invasion period as described in Materials and Methods.
As shown in Fig. 2, regardless of the cell line used cytochalasin
D pretreatment resulted in a 95% reduction of the MF-depen-
dent invasion by the control S. #yphi strain. In contrast, C. jejuni
81-176 entry into either cell line was not inhibited by 2 pM
cytochalasin D. In fact, MF depolymerization actually stimu-
lated invasion by 81-176 (Fig. 2B), as reported previously (48).
When host cells in concomitant studies were pretreated to
depolymerize MTs, the entry ability of the control S. typhi
strain was not reduced. However, the ability of C. jejuni 81-176
to invade either INT407 or Caco-2 cells was typically reduced
more than 85% by this latter treatment. This inhibition of
81-176 invasion ability by MT depolymerization was inhibitor
concentration dependent, as shown in Fig. 2C.

Next we used immunofluorescence microscopy to examine
the association of Campylobacter with polymerized MTs and
MFs at various times during the invasion process. INT407 cells
were infected with either C. jejuni 81-176 or control S. typhi for
30, 60, 120, or 240 min prior to fixation and immunofluores-
cence analyses as described in Materials and Methods. Ini-
tially, bacteria and the host cell MT-based cytoskeleton were
differentially labeled with green or red fluorescent tags. Figure
3 shows composite black-and-white representations of fluores-
cence microscopic images of these C. jejuni-infected INT407
cells. Early in infection, bacteria were first observed interacting
with the host cell at the tip of a finger-like protrusion of the cell
membrane, being extended by one or a few bundled MTs (Fig.
3A). These structures suggest that initiation of invasion in-
volves reorganization of the host cytoskeleton in response to a
signal from the adjacent C. jejuni since these membrane exten-
sions were not triggered by S. fyphi in control studies. Next,
campylobacters were typically observed during the first 1 to2 h
of the invasion process to be situated in parallel with MT and
apparently associated with these structures (Fig. 3B). As shown
in Fig. 3C, at 1 h postinfection, representative of the early
phases of invasion, bacteria were observed at the periphery of
host cells. However, by 4 h postinfection, examination of a
number of infected cells revealed that >50% of the observed
bacteria had moved intracellularly to a location adjacent to the
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FIG. 2. Effects of various inhibitors on C. jejuni 81-176 internalization into
INT407 (A) and Caco-2 (B) cells. Data showing the concentration dependence
of inhibition are presented in panel C. One hour prior to the addition of bacteria
to the monolayer, the epithelial cells were incubated with no inhibitor (ni), with
2 uM cytochalasin D (CD), 10 pM colchicine (Co), 50 wM vinblastine (VB), 50
M vincristine (VC), or with the various inhibitors at the concentrations listed in
panel C. Each inhibitor was maintained throughout the 2-h invasion period.
Relative percent invasiveness was determined as recovery in the presence of
inhibitors divided by recovery in the absence of inhibitors (i.e., 100% relative
invasiveness). S. typhi Ty2W served as an MF-dependent invasive control; the
asterisk denotes that Ty2W internalization was decreased by >99% in the pres-
ence of CD. Results are presented as the mean of at least three separate
experiments = SE, shown as bars above or below the mean.
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FIG. 3. Representative immunofluorescence microscopic images of C. jejuni-infected INT407 cells showing bacterial interactions with MTs over time. INT407 cells
infected with C. jejuni 81-176 for 1 or 4 h were fixed, permeabilized, and labeled with fluorescent antibodies as described in Materials and Methods. All pixels of light
derived from the two different photodetection filters for either the Texas red-X and FITC fluorescent labels have been combined and are shown in white. (A)
Fluorescence micrographs of 1-h-infected INT407 cells showing the overall MT-cytoskeleton and MT-based, finger-like membrane protrusions with a single bacterium
(arrows) located at the tip of each of two host cell extensions. (B) Confocal fluorescence microscopic image of 1-h-infected INT407 cells. The MTs appear as structural
skeletons outlining the cells and the FITC-labeled bacteria (arrows) appear as bright white spots along the MTs. (C) Microscopic image of INT407 cells infected after
1 h, with arrows pointing to bacteria located at the periphery of cells. (D) Immunofluorescence microscopic image of INT407 cells infected for 4 h, with arrows pointing
to numerous bacteria located at perinuclear sites within the host cell. Although these stained, infected cell preparations were gently washed with PBS prior to viewing,
both intracellular and some extracellular bacteria remain. Bar markers represent 10 wm for (A and B) and 2 pum (C and D).

nucleus (Fig. 3D), similar to a previous report of perinuclear
movement of a different C. jejuni strain (34). The results of this
time course analysis of association of bacteria with MTs indi-
cate that C. jejuni initiates contact with the host cell through

MT-based, finger-like membrane extensions. The next invasion
step seen in this analysis is the association of internalized
bacteria in parallel with MTs and movement over 4 h of intra-
cellular bacteria from the cell periphery to the perinuclear
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FIG. 4. Representative microscopic images of immunofluorescently labeled C. jejuni-infected INT407 cells showing specific colocalization of C. jejuni with MT’s.
Host cells infected with C. jejuni 81-176 or control S. typhi were prepared and immunolabeled as described in Materials and Methods, using Texas red-X to label MTs
and FITC or Oregon Green 514 to label the bacteria. (A) Combined fluorescence image of host cells infected with C. jejuni for 1 h, showing bacteria typically aligned
with MTs (arrows). Tight colocalization of C. jejuni with MTs resulted in a yellow fusion color which could be seen to various degrees with different bacteria
(arrowhead). (B) Combined fluorescence image of host cells infected with S. typhi for 1 h, showing no apparent specific association of these bacteria with MTs and no
color fusion structures. (C) One confocal microscopic laser plane section of 13 total sections of this host cell, showing a faint green non-MT-associated campylobacter
(arrow) and one bacterium tightly colocalized with MTs which appears as a yellow fusion color (large arrowhead). Bar markers represent 10 pm.

region. In concomitant studies, neither C. jejuni mutant strain
RY213 nor S. typhi typically exhibited any similar physical
orientation with respect to MTs, and no MT-based, finger-like
membrane protrusions were seen at the point of host cell
contact with these control organisms.

Fluorescence microscopic examination of the association of
C. jejuni (labeled green) with MTs (labeled red) revealed that
most bacteria aligned closely with MTs at 1 to 4 h postinfec-
tion, as exemplified in Fig. 4A. At this early stage of infection,

some C. jejuni could be observed at the tip of finger-like MT
extensions of the host cell membrane, some C. jejuni were
observed to lie in parallel with MTs, and some bacteria formed
apparent tight colocalization with MTs which resulted in yel-
low fusion structures (Fig. 4A). In contrast, concurrent analy-
ses of S. typhi-infected monolayers showed no apparent specific
association of S. typhi with MTs, and no yellow fusion struc-
tures indicative of tight colocalization were observed (Fig. 4B).
Confocal laser scanning microscopy was used to determine
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more accurately whether C. jejuni forms a specific and tight
association with MTs. The formation of a fusion color between
associated structures within a thin laser plane image of a cell is
considered a strong molecular indication of colocalization of
these two structures. Shown in Fig. 4C, which represents a
typical laser plane section (of 13 total sections) of an infected
cell, are several bacteria, with evidence of one MT-colocalized
bacterium exhibiting a yellow fusion structure. Similar fusion
structures were not observed in S. typhi-infected host cells by
confocal microscopic analysis.

We used similar fluorescence microscopic methods to search
for any association of C. jejuni 81-176 with polymerized actin
(Fig. 5). As reported by others (17, 20), polymerized actin
condensation was observed at the point of contact between
Salmonella spp. and the host cell membrane (Fig. 5C and D).
However, host membrane-bound C. jejuni 81-176 did not trig-
ger similar actin condensation at the point of host cell contact
(Fig. 5A and B). C. jejuni 81-176 also did not show evidence of
colocalization with MFs at any time points studied. Thus, these
immunofluorescence studies (Fig. 4) revealed a tight associa-
tion of C. jejuni with MTs, but not MFs, during the invasion
process.

Involvement of dynein in C. jejuni 81-176 invasion. Dynein
is known to be responsible for MT-dependent, minus-end-
directed vesicle transport from the host cell surface to the
perinuclear region. We wondered if dynein is required for
initial uptake of C. jejuni into host cells or is involved subse-
quently as an MT motor in the molecular trafficking of endo-
somes containing C. jejuni to the perinuclear region. Ortho-
vanadate, a well-described inhibitor of dynein activity (21), was
used to ascertain if dynein is required for C. jejuni internaliza-
tion. Figure 6 shows that Na;VO,, at a concentration of 100
M, significantly (P < 0.01) reduced the entry of C. jejuni
81-176, but not S. #yphi, into epithelial cells, suggesting a role
for dynein in the initial uptake event. In addition, immunoflu-
orescence microscopic studies were conducted to see if C. je-
juni specifically colocalizes with dynein during the invasion
process. At 1 h postinfection, when invading bacteria were
shown to colocate with MTs (Fig. 3 and 4), the organisms were
also observed to colocalize with dynein (Fig. 7A and B), sug-
gesting a role for dynein in the intracellular molecular traffick-
ing of strain 81-176. In contrast, invading S. #yphi were not
found to collocate with dynein (Fig. 7C and D).

DISCUSSION

Pathogenic microorganisms utilize a variety of different mo-
lecular strategies to subvert host cell mechanisms and enable
these pathogens to invade susceptible host cells (16, 18, 23, 30,
32, 44). Certain viruses and Chlamydia psittaci bind to recep-
tors on the host cell surface and are internalized by the process
of receptor-mediated endocytosis (24, 28, 42), which does not
require the overt involvement of MTs or MFs. Some pathogens
utilize MF-dependent entry processes which mimic phagocy-
tosis (i.e., Fc or C3 receptor-mediated uptake [26]) but utilize
different ligands and receptors to zipper the host membrane
tightly around the pathogen (e.g., Chlamydia trachomatis [5]
and the Yersinia enterocolitica inv pathway [30, 44]). Some
chlamydiae then transit along MTs within the host to the
perinuclear region, where pathogen maturation apparently
occurs (6). Invasive Salmonella or Shigella spp. induce a host
actin-based cytoskeletal reorganization which leads to MF-
dependent macropinocytotic membrane engulfment of these
pathogens (7, 17, 18, 23, 29). Somewhat different, Listeria
monocytogenes recognizes E-cadherin as a receptor and enters
host cells via an MF-dependent process (43). Interestingly,
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once inside a host cell, L. monocytogenes (8), Shigella (23),
Rickettsia (27), and vaccinia virus (9) polymerize actin to move
within the host cell. In contrast to at least a limited molecular
understanding of many of the processes described above, some
microorganisms (e.g., Neisseria gonorrheae [41, 51], Citrobacter
freundii [48], and C. jejuni VC84 [48]) enter cells via yet largely
uncharacterized mechanisms that require MTs and/or MFs. C.
Jejuni isolates have been variously reported to have different
host cytoskeletal requirements for invasion, depending on the
bacterial strain and host cell used (15, 36, 48). This is akin to
the divergent host cell requirements encountered with differ-
ent serovars of Chlamydia (6, 39, 40). The present study was
aimed specifically at further characterizing the MT-dependent
entry pathway utilized by C. jejuni 81-176, a strain that has
been used in human feeding experiments (1) and in numerous
genetic, biochemical, and vaccine studies (11, 50, 58, 64).

C. jejuni 81-176 enters young, semiconfluent INT407 and
Caco-2 cells in a 2-h invasion period with typical invasion
efficiencies of 1 to 2%; slightly decreased entry occurs in older
confluent monolayers (28a). This level of entry is generally 10°-
fold higher than the level of entry of noninvasive E. coli control
strains into these host cells. This efficient internalization of
wild-type C. jejuni 81-176, together with the observation that
the RY213 mutant is markedly decreased in invasion ability,
indicates that 81-176 is responsible for inducing its novel up-
take into host cells. Previous studies have shown that C. jejuni
motility is required for invasive ability (25, 60, 64), but other
invasion-essential genes and functions have not yet been iden-
tified. Preliminary electron microscopic (EM) studies previ-
ously suggested that these bacteria may propel themselves past
the zona occludens, where they are endocytosed basolaterally
(37, 48). However, definitive EM analyses of the early steps in
the C. jejuni invasion process are lacking. The invasion effi-
ciency for C. jejuni 81-176 is similar to that observed with the
Yersinia inv system (30, 31, 32, 44) or S. typhimurium (51).
However, the reported invasion efficiencies of different C. je-
juni strains vary widely, from <0.001% (the level of entry of
noninvasive E. coli HB101) to ~4%, with most strains being
very inefficient (57).

Kinetic analyses of strain 81-176 invasion revealed that op-
timal invasion efficiency (percentage of the inoculum recov-
ered as internalized at the end of the assay) was highest at the
lowest MOI (0.02) but that a maximal number of internalized
C. jejuni was not observed until after infection at an MOI of
200. This finding contrasts sharply with results for S. typhi, for
example, where the optimal invasion efficiency occurred at an
MOI of 40 and the maximal number of internalized bacteria
was achieved at MOIs of 40 and above (29). These data suggest
that S. typhi entry may be a cooperative process involving the
accumulation of host cell signaling events to trigger the entry
process. The fact that C. jejuni 81-176 invasion efficiency was
highest at an MOI of 0.02 suggests that this organism is a
highly efficient solitary invader at very low bacterial concentra-
tions, as long as it is motile. In contrast, S. typhi Ty2W exhibits
a much higher maximal invasion efficiency (i.e., 50 to 70%) but
only at a 3-log-higher MOI (29). Apparently, some host cell
factor(s) limits S. typhi internalization to a maximum of 8 to 10
internalized bacteria per host cell regardless of MOI (29).
C. jejuni invasion, on the other hand, is evidently more tightly
regulated by the host, as only two bacteria are maximally in-
ternalized per host cell and not all host cells are susceptible to
invasion even after 7 h. The visible autoagglutination of 81-176
at increasing cell densities, reported by Misawa and Blaser
(46), may reduce motility and be responsible for the steadily
decreasing invasion efficiency observed at higher MOIs. Nev-
ertheless, these data suggest that C. jejuni 81-176 invasion of
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A B

FIG. 5. Representative immunofluorescence microscopic images of C. jejuni- and S. typhi-infected INT407 cells to examine bacterial association with polymerized
actin. Infected host cells were prepared and immunolabeled as described in Materials and Methods, using differential fluorescence labels. In these photomicrographs,
all pixels of light derived from the blue photodetector channel (actin; A and C) and green channel (bacteria; B and D) are shown in white. (A) Polymerized actin
observed at 30 min postinfection in host cells infected with C. jejuni. (B) Corresponding microscopic field showing immunolabeled C. jejuni. The positions of bacteria
in panel B are indicated in panel A by arrows and are not associated with areas of actin condensation. (C) Polymerized actin observed at 30 min postinfection in host
cells infected with S. typhi. (D) Corresponding microscopic field showing immunolabeled S. fyphi. The positions of several bacteria in panel D are indicated in panel
C by arrows and are clearly associated with actin condensation. Bar markers represent 2 pm.
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FIG. 6. Effect of inhibition of host cell dynein on C. jejuni 81-176 invasion
ability. Thirty minutes before bacteria were added to the monolayer, the epithe-
lial cells were incubated either with no inhibitor (ni) or with 1, 10, or 100 pM
Na3;VO,. This dynein inhibitor was maintained throughout the 2-h invasion
period. Relative percent invasiveness was determined as recovery in the presence
of inhibitors divided by recovery in the absence of inhibitors (i.e., 100% relative
invasiveness). C. jejuni invasion in the absence of inhibitor was significantly (P <
0.01) reduced by monolayer pretreatment with 100 uM NazVO,. S. typhi Ty2W
served as an invasive control which is not affected by dynein inhibition.

INT407 cells occurs by a highly efficient and kinetically satu-
rable process (reaching maximal internalized bacteria in 2 h at
an MOI of 200 or in 4 h at an MOI of 20).

Direct visualization of time course-infected INT407 cells
verified the number of internalized bacteria enumerated by
indirect viable count. Moreover, this AO staining method
showed that after 2 h of infection with strain 81-176 at an MOI
of 200, one-third of the monolayer cells remained uninfected.
This same high level of uninfected host cells was also apparent
after 4 h of infection at an MOI of 200 (data not shown),
suggesting that even at high MOIs, some host cells are appar-
ently not susceptible to C. jejuni infection. This finding con-
trasts sharply with invasion of 100% of INT407 cells within 30
min to 1 h by S. #yphi, depending on the starting MOI (29).
Since the percentage of C. jejuni-infected host cells gradually
increases with time and about 85% of monolayer cells become
infected after a 7-h invasion period, it appears that C. jejuni
entry may be host cell cycle dependent. Recently, the cytole-
thal distending toxin of C. jejuni has been reported to lock cells
in cell cycle phase G, (62) and may play a role in susceptibility
of host cells to C. jejuni.

Optimally infected host cells contained two well-separated
C. jejuni organisms per infected cell, suggesting that these bac-
teria were engulfed in different uptake events. Increasing the
invasion period to 7 h increased total number of internalized
bacteria ~2-fold, probably due mainly to limited intracellular
replication. Thus, C. jejuni 81-176 internalization occurs by a
process that strictly limits the number of bacteria taken up per
cell (to about two per cell) and in which the infected host cells
become saturated for entry, even at higher MOIs or over longer
periods of time. This tight restriction on entry may reflect a
limited number of host cell invasion receptor or entry sites, a
limitation of some other host biochemical requisite for entry,
and/or host cell modifications occurring during invasion that
prevent further C. jejuni entry. Finally, the invasion ability of C.
jejuni 81-176 grown to early stationary phase (ODg, of ~1.2)
was only three- to fivefold lower than that of mid-log-phase
bacteria. The requirement for de novo bacterial protein syn-
thesis for C. jejuni invasion (34, 48) may partially explain the
reduced invasion levels observed with stationary-phase bacteria.
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C. jejuni 81-176 enters INT407 cells via a novel mechanism
that requires host cell MTs but not MFs (48). This requirement
was shown to be inhibitor concentration dependent and was
extended to Caco-2 cells in controlled studies here, demon-
strating that this C. jejuni invasion process is not unique to
INT407 cells. This cytoskeletal requirement for strain 81-176
invasion is readily reproducible in our assays but differs from
that reported by Russell et al. (55), possibly due to method-
ological differences. Strain 81-176 is not unique among Campy-
lobacter spp. in its strong involvement of MTs during entry.
Invasion by C. coli VC167 (48a) and other strains of C. jejuni
(28a) also show an MF-independent requirement for polymer-
ized MTs. Nevertheless, reports of differing invasion require-
ments for other C. jejuni strains (33, 35, 48) make it likely that
different Campylobacter strains, similar to different Chlamydia
serovars, use different mechanisms for cell invasion. The pre-
viously reported change in cytoskeletal requirements for inva-
sion by Citrobacter strains, depending on the specific host cell
line used, suggests that some bacteria may encode several
invasion mechanisms, each of which requires certain host re-
ceptors or other host factors which are not expressed by all cell
types (i.e., tissue tropism).

The immunofluorescence microscopic imaging data pro-
vided herein demonstrate tight colocalization of 81-176 cells
with MTs during invasion, similar to observations reported
recently for Chlamydia (6). Although C. jejuni 81-176 colocal-
izes with MTs, tubulin does not accumulate massively at the
point of bacterium-host cell contact. Control S. typhi did not
colocalize with MTs during entry but, in marked contrast to
81-176, showed a notable accumulation of F-actin at the site of
bacterial contact with the host cell as reported earlier for
Salmonella (18).

These fluorescence microscopic analyses of C. jejuni inva-
sion reveal the temporal interaction of strain 81-176 with var-
ious host cell structures and allow us to propose a coherent
invasion mechanism. At early times during invasion, C. jejuni
organisms are observed interacting with finger-like extensions
of the cell membrane containing one or a few bundled MTs. It
is important to note that these thin, MT-based membrane
extensions were frequently observed during the first hour of
invasion but required dense immunostaining of MTs for ob-
servation of these slender structures. Possibly these membrane
extensions represent an early host cell cytoskeletal response to
a diffusible signal from the nearby bacterium. Konkel et al.
previously reported that C. jejuni synthesizes novel proteins
upon contact with host cells (37). Initial internalization of
81-176 requires polymerized MTs, but is not inhibited by sta-
bilizing MTs with taxol, a feature that distinguishes this MT-
dependent uptake mechanism from that of Citrobacter freundii
(48). Inhibitors affecting the formation of host membrane in-
vaginations also block the internalization of C. jejuni (33, 48,
63), suggesting that the host cell invasion receptor may reside
in related structures. Internalized Campylobacter are colocal-
ized both with MTs and dynein during the infection process.
Also, limited EM studies of internalized C. jejuni have previ-
ously shown that these bacteria are contained intracellularly
within membrane-bound vacuoles (34, 48, 56). Orthovana-
date, an inhibitor of dynein-mediated vesicle trafficking, was
found to reduce entry significantly. These findings indicate that
dynein may play a role in both C. jejuni initial entry and
movement intracellularly along MTs. We hypothesize from
these findings that a successful Campylobacter ligand-host cell
receptor interaction might activate dynein bound in caveolae
within the host cell membrane and cause this activated dynein
to transverse inwardly along a MT and consequently invaginate
the dynein-bound membrane, resulting in engulfment of the
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FIG. 7. Representative immunofluorescence microscopic images of C. jejuni- and S. typhi-infected INT407 cells to examine bacterial association with dynein.
Infected host cells were prepared and immunolabeled as described in Materials and Methods, using differential fluorescence labels. In these photomicrographs, all pixels
of light derived from Texas red-X (dynein; A and C) and FITC (bacteria; B and D) are shown in white. (A) Dynein observed in host cells infected with C. jejuni for
1 h. (B) Corresponding microscopic field showing immunolabeled C. jejuni. The positions of several bacteria in panel B are indicated in panel A by arrows and
demonstrate C. jejuni colocalization with dynein. (C) Host cell dynein observed after 1 h of infection with S. #yphi. (D) Corresponding microscopic field showing
immunolabeled S. typhi. Invading S. typhi did not colocate with dynein. Bar markers represent 1 pm.

adjacent bound external bacterium. Trafficking of the endo-
some-contained C. jejuni from the cell surface to the perinu-
clear region would, accordingly, involve the MT molecular
motor dynein. Finally, recent evidence has revealed that MTs
are associated at the host plasma membrane with the APC
protein (47, 52). In preliminary experiments, monolayer pre-
treatment with monoclonal antibody that recognizes a surface-
exposed region of APC did not reduce C. jejuni internalization,

failing to implicate APC as a major host cell receptor for C.
jejuni invasion (28a).

Together, these results have provided a framework of kinetic
data and structural interactions from which initial inferences
about the 81-176 invasion mechanism have been derived.
These data show that C. jejuni 81-176 triggers an efficient and
kinetically saturable invasion of intestinal epithelial cells. The
invasion mechanism is dependent on host cell MTs and may
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involve the trafficking of C. jejuni within endosomes, via the
MT motor dynein, along the MTs to designated sites (i.e.,
perinuclear region) within the cell. The pathophysiological
mechanism(s) which C. jejuni utilizes to cause diarrheal or
dysenteric syndromes remains uncharacterized. Improved un-
derstanding of the molecular mechanism of C. jejuni invasion
and intracellular movement should aid both our perception of
disease pathogenesis and the development of new chemother-
apeutic and prophylactic methods.
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