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Bacterial pathogens use virulence strategies to invade epithelial barriers, but active processes of epithelial
cells may also contribute to the endocytosis of microbial particles. To focus on the latter, we studied the uptake
of fixed and fluorescently labeled bacterial particles in intestinal and bronchoepithelial cell cultures and found
it to be enhanced in Caco-2BBe and NCI-H292 cells after treatment with tumor necrosis factor alpha and an
agonist antibody against the lymphotoxin beta receptor. Confocal fluorescence microscopy, flow cytometry, and
transmission electron microscopy revealed that Staphylococcus aureus and Yersinia enterocolitica were readily
endocytosed, although there was scant uptake of Shigella sonnei, Salmonella enterica serovar Typhimurium, and
Klebsiella pneumoniae particles. Endocytosed Staphylococcus was often associated with cytoplasmic claudin-4
vesicles; this was not found for Yersinia, suggesting that cytokine treatment upregulated two distinct endocy-
tosis pathways. Interestingly, when Staphylococcus and Yersinia were coincubated with epithelial monolayers,
the cells were unlikely to take up Yersinia unless they had also endocytosed large numbers of Staphylococcus
particles, although the two bacteria were apparently processed in distinct compartments. Cytokine treatment
induced an upregulation and redistribution of �1 integrin to the apical surface of NCI-H292 cells; consistent
with this effect, treatment with anti-�1 integrin antibody blocked uptake of both Yersinia and Staphylococcus in
NCI-H292 and Caco-2BBe cells. Our results suggest that capture of bacterial particles by mucosal epithelial
cells is selective and that different endocytic mechanisms are enhanced by proinflammatory cytokines.

Chronic inflammation is associated with the production of
cytokines such as tumor necrosis factor alpha (TNF-�), and
lymphotoxin beta receptor ligands such as lymphotoxin �1�2
(LT�1�2) and LIGHT (16). In a seemingly disparate but
equally critical role, TNF receptor (TNFR) ligands are also
necessary for organogenesis and maturation of secondary lym-
phoid structures such as intestinal Peyer’s patches and lymph
nodes (5, 13, 14). The multiple effects of these cytokines on
cells with essential roles in immune defense suggest that there
are more complex aspects of the response to lymphotoxin/TNF
ligands, including differences in the kinetics of cytokine pro-
duction and the local tissue context of cytokine response. This
may be especially true in the mucosal epithelium, where local
cytokines may radically affect barrier integrity (3).

Along with gamma interferon (IFN-�), TNF-� has been
implicated in the compromise of epithelial barrier function,
which may result in entry and colonization by pathogenic bac-
teria ordinarily excluded from the subepithelial mucosa (7, 27).
Among the mechanisms by which TNF-� may affect barrier
function are loss of cells of the monolayer to apoptosis (8),
internalization of tight junction proteins with consequent loss
of tight junction integrity (1), and rearrangement of the peri-
junctional cytoskeleton (28). Although these studies point to
important alterations of paracellular junctions by TNF-�, they
do not take into consideration how epithelial cells themselves

may actively facilitate transmembrane entry of pathogenic bac-
teria under proinflammatory conditions.

Here, we compared the effects of incubating epithelial
monolayers from both the bronchus and the intestine with a
selection of fixed and fluorescently labeled bacterial patho-
gens, and we examined how cells manage these particles after
culture with LT/TNFR ligands. Intriguingly, we found that
cytokine treatment induced a striking increase in endocytosis
of select bacteria across epithelial cell surfaces. This effect was
demonstrated in both an airway cell line (NCI-H292) and an
intestinal epithelial cell line (C2BBe, a subclone of Caco2).
Because pathogens including Staphylococcus, Streptococcus,
and Yersinia have been shown to effect invasion by exploiting
epithelial surface receptors via binding to the integrin �1 sub-
unit (9, 23), we examined how TNF-� and LT might alter �1
integrin expression in polarized epithelia. In the case of
NCI-H292 cells, cytokine treatment correlated with an upregu-
lation and redistribution of �1 integrin to the apical surface;
accordingly, blockade of �1 integrin inhibited bacterial particle
uptake. While the two cell lines exhibited some differences in
their behavior, enhanced bacterial particle uptake under pro-
inflammatory conditions suggests conserved mechanisms
whereby epithelial cells may actively engage infectious organ-
isms at the mucosal barrier.

MATERIALS AND METHODS

Cell culture. Cell lines NCI-H292 (ATCC CRL-1848) and a subclone of
Caco-2, C2BBe (ATCC CRL-2102), were obtained from the American Type
Culture Collection and cultured using recommended medium preparations.
Freshly passaged cells were seeded onto 0.4-�m-pore-size polycarbonate filter
supports (Transwell filters; Corning Life Sciences) in standard media or with the
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added cytokine LT�R agonist antibody (5 �g/ml; R&D Systems) or recombinant
TNF-� (100 ng/ml; Peprotech) or both. Treatment of cells with cytokines was
generally done over a period of 7 days. In endocytosis studies, cells in Transwell
cultures were cultured with or without medium including LT�R agonist and/or
TNF-� for 6 days (until stable transepithelial electrical resistance values were
attained), and Alexa Fluor 488-labeled Staphylococcus aureus (Invitrogen) or
Alexa Fluor-labeled bacterial strains cultured in our lab were then added during
the final 12 h (C2BBe) or 2 h (NCI-H292) of culture. To block �1-integrin
receptors on epithelial cells, 10 �g of mouse anti-�1 (Chemicon/Millipore)/ml
was added to the culture medium during the last hour of incubation before
bacterial particles were introduced.

Bacterial culture. Yersinia enterocolitica (ATCC 29913) and Klebsiella pneu-
moniae (ATCC 13883) were obtained from ATCC; Shigella sonnei and Salmo-
nella enterica serovar Typhimurium were reconstituted from University of Cali-
fornia, Riverside, medical microbiology laboratory teaching stocks, and
confirmation of genus and species was achieved by the appropriate API identi-
fication kit. All cultures were stored at �80°C and subcultured to Trypticase soy
broth (BD) and shaken at 200 rpm at 37°C. Overnight broth cultures were
diluted 1:20, grown to mid-log phase, and harvested for labeling. Bacteria were
pelleted and washed three times, fixed in phosphate-buffered saline (PBS) with
1% paraformaldehyde and 0.05% sodium azide for 30 min, washed twice more,
and labeled at room temperature with stirring overnight (21 � 1 h) with Alexa
Fluor 488-TFP ester, Alexa Fluor 568-succinimidyl ester, or Alexa Fluor 647-
succinimidyl ester (Invitrogen) in 0.1 M NaHCO3. Labeled particles were washed
three times to remove free fluorophore and resuspended for storage at 4°C in
PBS with 0.05% NaN3.

Immunofluorescence staining. Cell cultures were fixed by using 1% parafor-
maldehyde-PBS and then permeabilized in 0.5% Triton X-100–PBS, washed in
0.1% Triton X-100–PBS, and blocked in 0.1% Triton X-100–PBS containing 2%
bovine serum albumin. Cells were stained with antibodies to the tight junction
proteins claudin-4 (Abcam) and/or zona occludens-1 (ZO-1; Zymed) and/or �1
integrin (Chemicon/Millipore) followed by secondary reagents Alexa Fluor 488-,
Alexa Fluor 568-, or Alexa Fluor 647-conjugated anti-rabbit or anti-mouse an-
tibodies (Invitrogen). DAPI (4�,6�-diamidino-2-phenylindole; Invitrogen) was
used as a nuclear counterstain. Slides were mounted using ProLong Gold anti-
fade reagent (Invitrogen).

Confocal microscopy. Prepared slides were examined with a 	63 water im-
mersion objective using a Zeiss Observer Z1 inverted epifluorescence micro-
scope equipped with a BD CARV II spinning disk confocal imager, and images
were collected with IPLab for Windows 4.0 software (BD Biosciences, Rockville,
MD). Fluorescent images are either maximum image projections of z-stacks
taken in multiple consecutive optical planes or three-dimensional snapshots
following image sequence deconvolution with Volocity imaging software (Im-
provision, Waltham, MA).

TEM. Cell cultures were washed twice in PBS and fixed in PBS–2% parafor-
maldehyde–2% glutaraldehyde. Ultrathin (80-nm) sections of cell-covered filters
were prepared for transmission electron microscopy (TEM) analysis by standard
methods, as previously described (12). Observations were made by using a Phil-
lips Tecnai 12 microscope.

Flow cytometry. Cells were plated on 24-well plates with or without inductive
cytokines and cultured for 48 h. Then, during the last 12 h of incubation (C2BBe) or
the last 2 h of incubation (NCI-H292), fluorescent bacterial particles were added at
a ratio of 200 bacteria per cell unless otherwise indicated. Cells were detached from
plates using EDTA (Gibco) and washed three times, and data were collected by
using a FACSCalibur (Becton Dickinson) equipped with CellQuest Pro software
(BD Bioscience). Cell viability was assessed by a trypan blue exclusion assay prior to
flow cytometry analysis and confirmed by forward and side scatter. The data analysis
was performed using FlowJo software (Tree Star).

RESULTS

Preferential endocytosis of S. aureus and Y. enterocolitica by
epithelial cells is enhanced in the presence of proinflammatory
cytokines. Pathogenic bacteria use diverse virulence strategies

such as endotoxin production, intracellular signaling, and mo-
lecular mimicry to breach epithelial defenses (6). To examine
how epithelial cells might actively mediate endocytosis of bac-
terial pathogens, we incubated intestinal epithelial cell mono-
layers with selected respiratory and enteric pathogens which
had been fixed, killed, and fluorescently labeled. We assessed
particle uptake by using confocal microscopy for qualitative
studies; for more quantitative analysis, we also used flow cy-
tometry of monolayers that had been detached after incuba-
tion with fluorescent particles. This method enabled us to
sample thousands of cells per experiment and to generate
quantitative estimates not only of the proportion of cells taking
up particles but also of the number of particles per cell.

In a preliminary experiment, we found that NCI-H292T cells
did not survive overnight exposure to bacterial particles; time
course trials revealed that 2 h of incubation with particles was
sufficient to yield measurable ingestion. In the more orderly,
tightly packed monolayers of columnar C2BBe intestinal cells,
it was necessary to expose cell layers to particles for a mini-
mum of 12 h or overnight in order to observe measurable
differences in endocytosis among treatments.

Fluorescence microscopy revealed that in C2BBe cells the
quantity and pattern of uptake varied by bacterial species. S.
enterica serovar Typhimurium, Shigella sonnei, and K. pneu-
moniae were taken up sparsely, whereas S. aureus and Y. en-
terocolitica appeared to be readily endocytosed. Yersinia was
diffusely ingested, with many cells having taken up a few bac-
teria. The pattern of uptake for Staphylococcus was notably
different in that a subset of cells appeared to have ingested
hundreds of particles (Fig. 1A). These observations were quan-
titatively confirmed by flow cytometry analysis, which showed
by fluorescence shift that 53.4% of cells had taken up some
Staphylococcus particles and that 27.8% had ingested Yersinia.
Shigella particles were sparsely taken up, whereas Klebsiella
and Salmonella were largely excluded from endocytosis.

In 2004, Katakai et al. (10) reported that a combination of
the proinflammatory cytokines TNF-� and lymphotoxin � in-
duced lymphoid stromal cell differentiation. Since the epithelia
overlying lymphoid tissue of the mucosa are enriched in cells
specialized for antigen sampling (11, 18, 19), we wondered
whether exposing epithelial cells to this particular cytokine
combination could induce bacterial particle uptake in cell
monolayers. We examined the effects of growing intestinal and
airway epithelial cells in the presence of TNF-� and LT�R on
their propensity to ingest bacterial pathogens and noted a
modest but consistent increase in uptake by intestinal cells of
all pathogens in the presence of cytokines (Fig. 1A), both by
qualitative fluorescence microscopy and by flow cytometric
quantitation. Most notable, however, was the endocytosis of S.
aureus and Y. enterocolitica particles. Although the distribution
of Yersinia uptake appeared regular, with many cells ingesting
1 to 10 bacterial particles, some BBe cells were observed to
have ingested large numbers of staphylococci. We observed a

FIG. 1. (A) Confocal spinning-disk microscopy images and flow cytometry analysis of fixed, Alexa Fluor 488-conjugated bacterial particles
coincubated with C2BBe monolayers 6 days after cells were seeded onto permeable filter supports (green, bacterial particles; red, ZO-1; gray,
DAPI). Flow cytometry gates indicate cells positive for uptake of fluorescently labeled bacteria. (B) Intestinal and bronchoepithelial cells cultured
in the presence of LT�R agonist and TNF-� ingest more S. aureus and Y. enterocolitica particles than do untreated monolayers.
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similar pattern of uptake when these same bacterial particles
were incubated with airway epithelial cells. Treatment of
monolayers with LT�R agonist and TNF-� caused the greatest
increases in endocytosis of Staphylococcus in both NCI-H292
(14.4% � 2.8%, n 
 5) and C2BBe (11.6% � 2.3%, n 
 5)
monolayers, although cytokine treatment also increased endo-
cytosis of Yersinia in both cell types (Fig. 1B). Although we
found that treatment of cell monolayers with either TNF-� or
LT�R agonist increased endocytosis, neither cytokine alone
increased the uptake to the same degree as the two in combi-
nation.

To confirm that the observed association between fluores-
cently labeled bacteria and epithelial cells was not due solely to
adherence, experiments were repeated by incubating cells at
4°C for 1 h prior to the addition of bacterial particle suspension
and maintaining that temperature throughout the particle in-
cubation. Uptake was nearly abolished (Fig. 2), confirming that
the fluorescence shift observed by flow cytometry was not due
to mere adherence of fluorescent particles to cell surface moi-
eties. To further confirm endocytosis, cell monolayers grown
on permeable supports that had been incubated with fluores-

cent bacteria were fixed and immunostained with antibodies
against the tight junction proteins claudin-4 and ZO-1. Con-
focal fluorescence imaging in the z dimension showed that both
Staphylococcus and Yersinia were located basal to the apical
cell surface markers.

Bronchial epithelial cells ingest S. aureus in a dose-depen-
dent fashion. Our preliminary confocal fluorescence studies
suggested that NCI-H292 cells exhibited an extraordinary ca-
pacity for endocytosis of S. aureus. To explore the capacity of
this uptake, we incubated NCI-H292 cells with S. aureus in
tenfold dose increases (Fig. 3A) and analyzed detached mono-
layers by flow cytometry. As the bacterial particle/cell ratio
increased from 2:1 to 20:1, particle ingestion doubled in both
treated and untreated cells. Another tenfold increase in bac-
terial dose resulted in a near doubling of the number of un-
treated cells ingesting bacteria; in the cells that had been pre-
treated with TNF and/or LT, we observed a substantial and
discrete population of cells that took up �100 particles. This
was deduced as follows. We determined the mean fluorescence
of the least “positive” population of cells, presumed to have
ingested at least one particle (asterisk in Fig. 3A). We then

FIG. 2. Flow cytometry analysis of bacterial uptake at 37 and 4°C in NCI-H292 cells. The ingestion of both S. aureus and Y. enterocolitica is
almost completely abrogated, ruling out mere adherence as the nature of the association between cells and fluorescently labeled bacteria observed
by flow cytometry.
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FIG. 3. NCI-H292 endocytosis of S. aureus at tenfold increases of particle/cell ratios in untreated and TNF/LT-treated cell layers analyzed by
flow cytometry (A) and TEM (B). The arrow separates a population of cells which ingested very high (�100/cell) numbers of bacteria at high
bacterial load; load ratios greater than 200/cell increased lysis/cell death. Flow cytometry data are representative of three independent experiments.
The cell depicted in panel B is representative of those observed by TEM in cytokine-treated cultures at a bacterial particle/cell ratio of 200:1, and
has ingested �100 Staphylococcus particles.
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measured mean fluorescence of the putative high-endocytosis
population and found it to have increased by more than two log
cycles. This suggests a hundredfold or greater increase in the
number of particles ingested. TEM analysis of sections of cell
monolayers incubated with S. aureus confirmed that many cells
were capable of very high-capacity endocytosis (Fig. 3B). Our
TEM sections revealed multiple cells which had ingested �100
bacterial particles without lysing; these high-uptake cells were
also observed by confocal microscopy. It was this high-endo-
cytosis population that increased most dramatically with cyto-
kine treatment at a particle/cell exposure of 200:1.

S. aureus and Y. enterocolitica are endocytosed via different
pathways. Immunofluorescence studies suggested that Staphy-
lococcus and Yersinia were not endocytosed in the same com-
partments (Fig. 4A). Staphylococcus was consistently taken up
in cytoplasmic vesicles colocalized with claudin-4 (filled arrow-
heads), a protein normally confined to epithelial tight junctions
which is also a receptor for Clostridium perfringens enterotoxin
(15). Yersinia particles rarely colocalized with claudin-4 (open
arrowheads) or with canonical bacterial PRRs TLR2 and
TLR4 (data not shown). To measure the coingestion of Staph-
ylococcus and Yersinia particles in a more meaningful sample

FIG. 4. (A) C2BBe cell uptake of Y. enterocolitica (blue) and S. aureus (green), colocalized with claudin-4 (red/yellow). (B) Airway epithelial
cells (NCI-H292) coincubated with equivalent numbers of S. aureus and Y. enterocolitica particles. Cytokine treatment increased the numbers of
cells that took up Yersinia only, or Yersinia and Staphylococcus, but not Staphylococcus only. There were few or no airway cells which took up
Yersinia only; TNF/LT treatment enhanced the tendency of cells to ingest Staphylococcus and Yersinia together. The data shown are representative
of seven (immunofluorescence) and three (flow cytometry) independent experiments.
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of cells, equivalent numbers (100 particles/cell, each) of Alexa
Fluor 488-labeled Staphylococcus and Alexa Fluor 647-labeled
Yersinia particles were coincubated with either untreated or
TNF/LT-treated NCI-H292, and fluorescent cells were de-
tected by flow cytometry (Fig. 4B). There were very few NCI-
H292 cells that took up only Yersinia, and the cells ingesting
Yersinia generally had also taken up many Staphylococcus par-
ticles. Pretreating the airway cells with TNF and LT cytokines
increased the numbers of cells that ingested Y. enterocolitica,
along with large numbers of S. aureus particles. Thus, while
uptake of the two species of bacteria appeared to be indepen-
dent, the cells most capable of bacterial particle endocytosis
readily took up both bacterial species.

Blockade of �1 integrin reduces endocytosis of Y. entero-
colitica in both intestinal and bronchial epithelium, but S.
aureus uptake is blocked only in airway cells. Yersinia spp.
express invasin, a known opportunistic ligand for the epithelial
�5�1 integrin receptor (2). Other pathogenic bacteria, includ-
ing Staphylococcus and Streptococcus, have been shown to ef-
fect epithelial invasion by bridging to the endogenous �1 li-
gand fibronectin via fibronectin binding protein (25). To date,
invasin-integrin and fibronectin binding protein-integrin inter-
actions have been well studied in in vitro or in vivo experiments
with live pathogens. To determine whether invasion and colo-
nization exploiting �1 receptors can be strictly cell mediated,
we blocked receptors on cultured airway and intestinal epithe-
lial monolayers with anti-�1 antibody prior to incubation with
Yersinia and Staphylococcus particles and examined by flow
cytometry the effect on the ability of these cells to take up these
particles. The effect of �1 blockade on ingestion of S. aureus in
intestinal cells was unremarkable (Fig. 5B); however, the pro-
portion of C2BBe cells ingesting Y. enterocolitica was reduced
in both untreated and cytokine-treated cells by 13.2 and 16.7%,
respectively. Interestingly, ingestion of Y. enterocolitica by air-
way epithelial cells was also notably reduced (Fig. 5A), al-
though Yersinia is not typically described as a respiratory
pathogen. The most dramatic �1 inhibition was of S. aureus
endocytosis by NCI-H292 cells. In particular, the high uptake
cell population (previously observed by increasing particle
to cell ratios) was most diminished by �1 inhibition; in un-
treated cells, endocytosis in the high uptake (�100 bacterial
particles/cell) population was reduced 4.3-fold; a 2.4-fold re-
duction was observed in the high-uptake population treated
with proinflammatory cytokines.

Redistribution of �1 integrin to apical surfaces of cells
treated with proinflammatory cytokines. As integrins link ex-
tracellular matrix proteins such as laminin and fibronectin to
the cytoskeleton, they are normally distributed to the basolat-
eral surfaces of polarized epithelial cells (4). It has been pre-
viously reported that �1 integrin is distributed apically in M
cells of the follicle-associated epithelium specialized for anti-
gen sampling, although not in neighboring enterocytes (2).
These observations were based on comparisons to cells stain-
ing positive for the lectin UEA-1 in mouse Peyer’s patches. To
test whether TNF family cytokines are involved in the redis-
tribution of �1 integrin to the apical membrane of airway
epithelial cells under proinflammatory conditions, we com-
pared �1 distribution in untreated cells to cells treated with
TNF-� and LT�R agonist. Although some apical localization
was observed in addition to the expected distribution at baso-

lateral surfaces in untreated NCI-H292 cells (Fig. 6A), there
was a remarkable relocalization of �1 integrin toward the api-
cal pole in cells that were treated with TNF and LT cytokines
(Fig. 6B). In addition to a notable redistribution of �1 in
individual cells, samples treated with TNF and LT showed
striking differences between cells expressing abundant apical
�1 (major population) alongside cells expressing little or no �1
at their surface.

DISCUSSION

Studies on epithelial cells which rely on confocal fluores-
cence or electron microscopy imaging have only limited power
to characterize the behavior of the majority of cells in a tissue
sample or monolayer. Microscopy is of greatest value for close
examination of specific subcellular processes, but for quantita-
tive studies it can be limited by small sample size, even when
multiple fields are sampled. In our hands, preparing adherent
cultures for flow cytometry yields �80% (C2BBe) or �50%
(NCI-H292) viable cells for sampling, and cells that have in-
gested fluorescently labeled bacteria are detectable both by
fluorescence shift and increased side scatter. TEM confirmed
that bacteria were ingested, and repeating incubations at 4°C
abolished all but 8% of S. aureus and 4.08% of Y. enterocolitica
uptake in NCI-H292 cells, a finding consistent with an endo-
cytic process. We can therefore validate this tool as a quanti-
tative assay for uptake of labeled bacteria by epithelial cells.

Flow cytometry also enabled us to discover that a subset of
NCI-H292 cells was capable of endocytosis of very large num-
bers (100 or more) of S. aureus particles, and TEM provided
corroborating evidence for such high-capacity uptake. We dis-
covered that this highly Staphylococcus-endocytic population
was enhanced by cytokine treatment and that it was the most
sensitive of all subpopulations to the inhibition of endocytosis
by blocking �1 integrin. Similarly, flow cytometric analysis of
the coincubation of cells with both Staphylococcus and Yersinia
particles revealed that a very large subset of intestinal epithelia
preferentially endocytosed Yersinia. In contrast, in the airway
epithelium, only cells that had endocytosed many Staphylococ-
cus particles also took up Yersinia.

Sinha et al. (25) showed that Staphylococcus strains may
employ “zipper type” internalization to invade epithelial cells
by binding to fibronectin, which in turn ligates surface �5�1
and other cellular adhesin receptors. Our results suggest the
existence of additional epithelial mechanisms whereby mi-
crobes similar to S. aureus may invade epithelial monolayers,
especially in the context of inflammation. It has been recently
shown that certain “carrier” strains of S. aureus, so named for
their ability to delay host innate immune response and avoid
clearance from the nasal epithelium, may utilize this strategy to
persist in the nasal mucosa (20). This is intriguing in light of
our identification of subpopulations of airway epithelial cells
which internalize large numbers of Staphylococcus and Yersinia
particles and is suggestive of a potential “feed-forward” mech-
anism that may contribute to microbial invasion or penetration
of epithelial barriers. Further investigation of how particles are
managed in vivo will clarify whether this seemingly maladap-
tive internalization may in fact actually be beneficial in mucosal
tissues. Starner et al. (26) and Reibman et al. (21) have shown
that CCL20, which recruits dendritic cells via its ligand CCR6,
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is induced in human bronchial epithelial cells by TNF-�, as
well as by particulate matter. Similarly, Rumbo et al. (22)
found that induction of CCL20 occurs in the intestinal epithe-
lium after stimulation of the LT� receptor. The activation of

the LT�R pathway has been shown to be as important as that
of the TNF system in the development of experimental colitis
(17). By simultaneously increasing ingestion of pathogenic bac-
teria, epithelial cells exposed to these proinflammatory cyto-

FIG. 5. Effect of blocking �1 integrin receptors on bacterial particle uptake in airway (A) and intestinal (B) epithelial cells. �1 blockade reduced
uptake of S. aureus in untreated and cytokine-treated H292 cells by averages of 5.0 and 18.9%, respectively, with the most noticeable reduction
in the population of cells which by fluorescence intensity and side scatter were shown to have taken up �100 particles. Uptake of Yersinia was
similarly reduced, although the effect was more pronounced (12.5% reduction) in airway cells treated with TNF/LT. S. aureus uptake was not
notably affected by blocking �1 integrin in C2BBe cells; blockade reduced uptake by 4.5 and 2.8% in untreated and treated cells, respectively. All
data are means from at least three independent experiments.
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kines may “focus” the invading pathogens to a specific site in
the epithelium where innate immune responses (e.g., chemo-
kine release) may more effectively trigger adaptive immune
responses.

Endocytosis of Y. enterocolitica by intestinal epithelial cells
has been shown to be enhanced in cells upregulating �1 inte-
grin at their apical surfaces (23). Whether invasion by this
member of the Enterobacteriaceae is also enhanced in nonin-
testinal epithelia has not been demonstrated prior to the

present study. We found that expression of �1 integrin was
enhanced by culturing bronchial epithelial cells with TNFR
ligands and that much of the protein was directed to the apical
pole. This may be coordinated with increased expression of the
endogenous �5�1 ligand, fibronectin, which occurs under
proinflammatory conditions (24), although because of the dis-
tribution of the proteins, its significance is not clear. Apical �1
expression correlated with an increased tendency for airway
epithelia to ingest both S. aureus and Y. enterocolitica; integrin

FIG. 5—Continued.
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binding may be directly responsible for capture of the bacteria,
although the specific binding partner differs on each type of
particle.

Interestingly, we observed S. aureus, but not Y. enterocolitica,
colocalized in cytoplasmic vesicles with claudin-4, a protein
that is ordinarily a key component of paracellular tight junc-
tions. Previous studies on tight junction protein changes in
response to inflammatory cytokines had not described any role
in particle uptake; however, given the presence of the tight
junction at the apical pole of the polarized epithelium, such a
mechanism might be plausible, especially for uptake of such
large particles. Although a specific mechanism remains to be
identified, this suggests that S. aureus may be ingested by at
least two distinct endocytosis mechanisms, which could help to
explain its more abundant uptake in both C2BBe and NCI-
H292 cells.

In summary, these results suggest that epithelial cells of the
intestine and airways are not passive victims during invasion of
the mucosa by bacterial pathogens. Events such as redistribu-
tion of tight junction and cellular adhesion proteins may in fact
be beneficial responses to enable a kind of immune surveil-
lance function of epithelial cells.
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