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■ Abstract Many pathogens must surmount an epithelial cell barrier in order to
establish an infection. While much has been learned about the interaction of bacterial
pathogens with cultured epithelial cells, the influence of cell polarity on these events
has only recently been appreciated. This review outlines bacterial-host epithelial cell
interactions in the context of the distinct apical and basolateral surfaces of the polarized
epithelium that lines the lumens of our organs.
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INTRODUCTION

Most, if not all, microbial pathogens must surmount an epithelial cell barrier in
order to successfully colonize humans and cause disease. Much has been learned
about the host-pathogen interactions in cultured epithelial cells, but less is known
about how pathogens interact with the polarized epithelial cells that line the mu-
cosal surfaces of organs. These cells have developed distinct apical and basolateral
(BL) surfaces that form selective permeability barriers between biological com-
partments. The apical and BL membrane domains are distinguished by unique
assemblies of proteins, lipids, and other macromolecules and structures, such as
the secreted mucous layer (104). M cells, which are specialized antigen-presenting
cells, are intermixed with polarized epithelium at some surfaces, such as the gut
and lung. For some pathogens, especially opportunistic pathogens, the distinct
composition of the apical cell surface, combined with the physical barriers formed
by both the secreted mucous layer and by intercellular junctions (including tight
junctions and the zona adherens), prevents these microorganisms from establishing
infection or from penetrating the epithelial cell barrier. Thus, infections develop
only in patients with altered epithelial cell barriers, including direct trauma, in-
dwelling catheters, or patients receiving cytotoxic chemotherapy. Other pathogens
exploit the characteristics of the apical surface to establish infections at this site.
In some cases, apical adhesion is followed by internalization and transcytosis of
organisms to the BL surface. Several pathogens are able to induce transmigra-
tion of polymorphonuclear lymphocytes (PMNs) from the BL surface through the
intercellular junctions, allowing the apically located microbes to travel the same
intercellular route to reach the BL surface and tissues beneath. Others secrete pro-
teases that disrupt intercellular junctions, allowing access to the BL surface and
deeper tissues.

Although the use of in vitro cell culture systems utilizing transformed epithelial
cells has taught us much about the interaction of microbial pathogens with host
eukaryotic cells, only recently have we begun to study these interactions in more
physiologic systems, such as monolayers of well-polarized epithelial cells. While
these in vitro models are still far removed from the whole animal, they provide
important insights into the interaction of pathogens with polarized epithelium.
Studies of the interactions of viruses with polarized epithelial cells have received
much attention. This review focuses on recent developments in the study of bacte-
rial pathogens and their interactions with polarized epithelial surfaces. This review
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primarily covers events that require direct host cell–bacterial contact rather than
on secreted toxins or interactions with the innate immune system.

POLARIZED EPITHELIUM

Among the major portals of entry of pathogens into the human body are the
skin, gastrointestinal, respiratory, and urogenital tracts. While the skin has a more
complex structure, these lumenal surfaces are for the most part lined with a single
layer of epithelial cells that are highly polarized, and their plasma membrane is
divided into two domains (Figure 1). The apical surface faces the lumen of the
cavity, while the BL surface faces adjoining cells and the underlying basement

Figure 1 General features of polarized epithelial cells. Subcellular organelles are
shown on the left cell, and specific features of the polarized cell are indicated on the
cell on the right. AP, apical surface (thin line); BL, basolateral surface (thick line); TJ,
tight junction; AJ, adherens junction; N, nucleus; G, Golgi; BE, basolateral endosome;
AE, apical endosome.
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membrane (104, 171). These two plasma membrane domains serve very different
functions and therefore have almost completely different compositions. The apical
surface contains transporters and enzymes that are specialized to interact with the
external environment. The outer leaflet of the apical surface is highly enriched in
glycosphingolipids and cholesterol, which may assemble into rafts (167). Proteins
that are exposed on the outer surface of the apical plasma membrane are anchored
to the membrane by a glycosylphosphatidyl-inositol (GPI) lipid anchor rather than
a transmembrane segment.

The BL plasma membrane of the epithelial cell contains many transporters
and receptors that are involved in taking up nutrients and hormones from the
circulation (e.g., receptors for transferrin and low-density lipoproteins). In this
regard, the BL plasma membrane seems to resemble the relatively nonspecialized
plasma membrane of other cells, such as fibroblasts. The BL surface can be divided
into lateral and basal domains, contacting other cells and the basement membrane,
respectively. The lateral surface is highly specialized in that it contains several
types of cell-cell junctions that are vital for epithelial functioning.

The tight junction (TJ) is located at the apical-most region of the lateral surface
and defines the boundary between the apical and BL surfaces. The TJ serves
two functions (100). First, it acts as a gate to prevent paracellular diffusion
between the cells. This function enables the epithelial monolayer to be relatively
impermeable to solutes (and larger particles). Second, the TJ acts as a fence to
prevent diffusion of plasma membrane components between the apical and BL
domains. The TJ contains major integral membrane proteins such as occludin and
members of the claudin family. These proteins span the plasma membrane four
times and have two large loops protruding from the outside of the cell. Homophillic
interactions between these proteins on adjacent cells are thought to be the principal
basis for the gate function of the TJ. A number of proteins, such as ZO-1, ZO-2,
ZO-3, and cingulin, associate with the cytoplasmic surface of the TJ.

Adjacent to the TJ is the adherens junction, which also forms a circumferential
belt around the cell. The adherens junction consists mainly of E-cadherin and
other cadherins, which are integral membrane proteins whose large extracellular
domains interact in a homophillic manner with cadherins on adjacent cells. The
cytoplasmic domains of cadherins interact with members of the catenin family,
which in turn interact with the actin cytoskeleton.

Proteins and lipids can reach the two plasma membrane domains by two major
routes (101). Newly made proteins and lipids travel through the Golgi to thetrans-
Golgi network (TGN). Here they are packaged into vesicles that deliver them to
either the apical or BL plasma membrane. Though this can be their final destination,
they can be endocytosed from the BL surface and delivered to lysosomes. While
most material endocytosed from the BL surface simply recycles to that surface,
selected proteins and lipids are carried across the cell to the apical surface by
transcytosis. Transcytosis can also occur from the apical to the BL surface, and
although this process is exploited by certain pathogens such as thePneumococcus
(see below), it is less well understood.
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The cytoskeleton of epithelial cells is also highly polarized. The apical sur-
face generally contains microvilli, which can be tightly packed, as in the case of
intestinal cells. Each microvillus has a central core of actin and other proteins.
Underlying the microvilli is a dense network of actin and other cytoskeletal pro-
teins, referred to as the terminal web. There is also a dense band of cortical actin
underlying and anchored to the TJ and adherens junction. In contrast, cortical actin
underlying the BL surface is relatively scarce, though some stress fibers are seen
at the basal surface, at least in cultured cells.

Of particular relevance to interaction with bacteria is that endocytosis at the
apical and BL surfaces seems to differ in several ways. The best-understood
mechanism of endocytosis is through clathrin-coated pits. The concentration of
clathrin-coated pits is equal at the two surfaces, but pits at the apical surface ap-
pear arrested at the shallow pit stage and are apparently impeded in progressing to
deeply invaginated pits and then budding off into vesicles (107). The net result is
that on a per-surface-area basis, clathrin-mediated endocytosis is approximately
five- to tenfold less than at the BL surface. Unlike clathrin-mediated endocytosis
at the BL surface, clathrin-mediated apical endocytosis is sensitive to the actin
depolymerizing agent, cytochalasin D. This suggests that the specialized actin cy-
toskeleton underlying the apical surface is uniquely involved in apical endocytosis.
Apical clathrin-mediated endocytosis is regulated by the small GTPase, ADP ri-
bosylating factor 6 (ARF6), which is found only at the apical surface (2). ARF6
can act on enzymes that modify the lipid composition of the plasma membrane,
as well as more directly on the actin cytoskeleton, and so there may be multiple
mechanisms by which ARF6 controls apical clathrin-mediated endocytosis.

Another type of endocytosis is via caveolae, which are found predominantly
on the basal membrane of epithelial cells (79). Most bacteria probably do not en-
ter epithelial cells through either clathrin-mediated endocytosis or caveolae, with
the exception of uropathogenicEscherichia coli, which enter through caveolar
structures. Rather they enter through less-well-understood mechanisms that re-
semble macropinocytosis or phagocytosis. There appears to be multiple types of
phagocytosis, at least in professional phagocytic cells (32). This may also be true
for epithelial cells, though it has not been well studied. These processes usually
require gross rearrangements of the actin cytoskeleton. Nonclathrin, noncaveolar
endocytosis can be induced at the apical surface of Madin-Darby canine kidney
(MDCK) cells by a number of signaling molecules, including protein kinase C,
protein kinase A, heterotrimeric G proteins, and the cyclooxygenase pathway (81).
These pathways may be exploited by bacterial pathogens.

PEYER’S PATCHES AND M CELLS

Although this review focuses primarily on the effect of epithelial cell polarity on
bacterial–host cell interactions at mucosal surfaces, the role of M cells that over-
lay Peyer’s patches (PP) cannot be ignored and are considered where appropriate.
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PP are major sites of antigen sampling from the intestinal lumen and induce ef-
ficient immune responses of the gut-associated lymphoid tissue or tolerance. As
reviewed in detail elsewhere (109, 146), M cells have a distinct architecture that
promotes adherence and transport of antigens and microorganisms. Like other po-
larized cells, M cells have distinct apical and BL surfaces, but they have fewer
microvilli and lack the glycocalyx, which coats the microvilli of enterocytes. An
additional BL membrane subdomain accounts for the short height of M cells, al-
lowing transcytosed material to be efficiently presented to underlying lymphocytes
and thereby initiating immune response of the gut-associated lymphoid tissue.

IN VITRO TISSUE CULTURE MODELS

MDCK Cells

The most widely used cell line for studying polarized epithelial cells in culture
is the MDCK line. Although of renal origin, in many ways this cell line has
proven useful as a model system for all simple epithelial lines. Its resemblance
to gastrointestinal, airway, and corneal epithelia has been close enough to serve
for studies of interactions with pathogens such asPseudomonasandSalmonella
(4, 36). When grown on permeable filter supports, MDCK cells can obtain their
nutrients via their BL surface, thus allowing the cells to become fully polarized,
similar to the in vivo setting in which epithelial cells obtain nutrients from the
underlying blood vessels (42). When grown on impermeable surfaces, such as
tissue culture dishes, the cells cannot do this and are forced to grow in a par-
tially nonpolarized state. An additional feature is that the degree of polarization
of MDCK and other epithelial cells can be experimentally manipulated by sev-
eral techniques. These include varying the length of time a confluent monolayer
is grown in culture (6, 82, 83), growing the cells in calcium-depleted medium
(6, 170), or inducing depolarization of the cells by treatment with hepatocyte
growth factor (HGF) (39). Finally, there are variant MDCK cell clones that differ
in their degree of polarization.

Other Cell Lines

Although derived from a colon adenocarcinoma, Caco-2 cells are similar to ente-
rocytes from the small intestine (129). When grown under standard culture condi-
tions, they undergo dramatic changes over time that mimic the maturation process
of intestinal epithelial cells during crypt-to-villus migration (119). Subconfluent
Caco-2 cells form circular islets that spread progressively. The peripheral cells are
undifferentiated and undergo cell division, whereas central cells differentiate and
become polarized. After 5–6 days in culture, the entire monolayer is polarized, al-
though the process of differentiation, which includes formation of the apical brush
border, requires about 10 more days to complete.

The T84 cell line is a polarized human intestinal epithelial cell line that displays
phenotypic and biophysical properties of natural intestinal crypt epithelia (29, 70,
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113). This system has been extensively used to study the bacterial induction of
PMN transmigration. T84 cells are plated on the underside of collagen-coated
porous filter supports, such as Transwells™ (Corning costar). After formation of
a polarized monolayer, the filters are placed right-side up (so that the apical sur-
face of the cells is in the basal chamber) and the top of the filter is the equivalent
of the matrix underlying the BL surface. PMNs can be added to the top of the
filter (i.e., the BL side), and their ability to transmigrate through the filter across
paracellular junctions can be measured by the azurophil granule marker, myeloper-
oxidase (113). PMN transmigration from the basal to apical chamber is observed
on addition of the PMN chemoattractant fMLP (92). During active transepithe-
lial migration of PMNs, TJ integrity, as assessed by biophysical and permeability
characteristics, is reversibly lost. Subsequent PMN transepithelial migration leads
to foci in which epithelial cells are separated from their neighbors, resulting in
focal availability of BL ligands such asβ1-integrins. This system has been used to
study the effects of various bacterial pathogens [includingSalmonella, Shigella,
Helicobacter pylori, enteropathogenicE. coli (EPEC), andYersinia] on basal to
apical PMN transmigration.

Until recently, it has been possible to study only M cells in vivo because they
could not be cultured in vitro. However, culture of Caco-2 cells on filters in the
presence of PP lymphocytes in the BL compartment resulted in the appearance of
cells with characteristics of M cells (76). These included disorganization of the
brush border, the loss of apical sucrase-isomaltase, and a gain in transcytotic ac-
tivity for both inert particles and noninvasive bacteria. The interactions ofYersinia
spp. have now been studied in this in vitro M cell model, which may prove useful
to the study of other enteric pathogens that interact with M cells in vivo.

SPECIFIC PATHOGEN-EPITHELIAL CELL INTERACTIONS

Polarized cells provide many barriers that guard against microbial invasion. Many
microbes have adapted to this hostile environment by targeting specific epithelial
cell structures. These include colonizing or directly entering epithelial cells from
the apical surface, transcytosing from the apical membrane to the BL region, and
creating direct access to BL domains. The latter can be achieved by direct cytotoxic
injury, intercellular migration, disruption of the epithelial TJs, or indirectly by
inducing PMN transmigration. Examples of each of these strategies are presented
below in the context of the interaction of specific bacterial pathogens with polarized
epithelium.

The Pneumococcus: A Pathogen that Specifically Coopts
an Apical Receptor for Transcytosis

Streptococcus pneumoniae(the Pneumococcus) is a leading cause of pneumo-
nia, sepsis, and meningitis in all age groups. The usual portal of entry is through
the nasopharyngeal epithelium. The molecular mechanisms of pneumococcal
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adherence and invasion are poorly understood. In addition to binding to the platelet-
activating factor receptor (PAF) present on the surface of lung epithelial and vas-
cular endothelial cells (23), bacterial cell surface phosphorylcholine also anchors
a family of proteins, the choline-binding proteins, to the bacterial surface. These
included pneumococcal surface protein A (172) and choline-binding protein A
(CbpA) (128). CbpA is found in all pneumococcal serotypes tested (174), and
genetic disruption ofcbpAleads to decreased adherence to human cells and loss of
nasopharyngeal colonization in rats (128). Affinity chromatography using CbpA
as a ligand has identified the polymeric immunoglobulin receptor (pIgR) as a re-
ceptor for CbpA. This is the first example of a pathogen coopting the polymeric
immunoglobulin (pIg) transcytosis machinery to promote translocation across a
mucosal epithelial barrier. pIgR is required for transcytosis of pIg, including IgA
and IgM, across mucosal epithelial cells (102). After synthesis by plasma cells,
located in the lamina propria of mucosal surfaces, polymeric IgA and IgM bind
covalently to pIgR expressed on the BL surface of the epithelial membrane. The
pIg-pIgR complex is subsequently transcytosed across the epithelial cell to be re-
leased into mucosal secretions. The extracellular, ligand-binding portion of pIgR,
known as the secretory component (SC), is proteolytically cleaved off from the
apical surface of the epithelial cells and released complexed with the pIg, pro-
tecting pIg from proteolytic degradation by bacterial IgA proteases (77, 78). Of
note, bacterial transcytosis occurs in the opposite direction to pIgA transport. It is
interesting that human pIgR expression is high in upper respiratory epithelial cells
but only trace amounts are detectable in the lower respiratory tract. Thus, pneumo-
coccal CbpA-pIgR interaction may contribute to early steps in the pathogenesis of
pneumococcal disease, such as colonization. PAF receptors present in the lung and
vascular epithelium may be important in subsequent steps in the development of
pneumonia, bacteremia, and meningitis. The observation that cytokines increase
pIgR expression may explain the propensity of humans to develop pneumococ-
cal pneumonia following viral and other bacterial upper and lower respiratory
infections (102).

Enteropathogenic Escherichia coli: An Apical Pathogen
that Supplies Both the Ligand and the Receptor

A number of intestinal pathogens, including EPEC, enterohemorrhagicE. coli,Cit-
robacterspp., andHafnia alvei, provoke the formation of a so-called attaching and
effacing lesion (A/E) in the absence of extracellular toxin production or bacterial
internalization. The best studied of these A/E-inducing pathogens is EPEC (50).
This intestinal bacterium is a major cause of diarrheal disease in young children in
underdeveloped countries. The first step in the formation of the A/E lesion is loose
bacterial attachment to epithelial cells, mediated by the plasmid-encoded bundle-
forming pilus (3, 58, 152). Intimin, a surface-exposed, 94-kDa outer-membrane
protein related in structure toYersinia invasin, is the bacterial ligand required for
intimate attachment to the host cell (65). Its receptor, TIR, is bacterially encoded
and secreted into the host cell membrane by the bacterial type III secretion system
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(75). Notably, purified intimin can bind to eukaryotic cells viaβ1-integrins in the
absence of EPEC, but the biological significance of this finding is unclear (40).

The disruption of polarized epithelium integrity may contribute to the patho-
genesis of diarrhea. Pedestal formation and loss of microvilli could lead to a loss
of absorptive surfaces in intestinal epithelial cells. As suggested by studies using
T84 cells, EPEC activation of NF-κB and subsequent interleukin (IL)-8 secre-
tion and PMN transmigration (138, 139) may cause fluid and electrolyte leakage.
Through a phospholipase C–mediated pathway, myosin light chain kinase (MLCK)
is activated, resulting in phosphorylation of MLC20 (88, 173). The end result may
be contraction of the perijunctional actinomysin ring and increased paracellular
permeability. EPEC can decrease transepithelial resistance (TER) and cause relo-
calization of occludin from the TJ to an intracellular compartment, an event that
is accompanied by dephosphorylation of occludin and can be prevented by the
serine/threonine phosphatase inhibitor, calyculin A (147). These changes required
an intact type III secretion system. EPEC can affect epithelium permeability and
ion transport (22), possibly by protein kinase C–mediated phosphorylation of the
cystic fibrosis transmembrane regulator (CFTR) and alterations in chloride trans-
port (7). Activation of NF-κB leads to upregulation of galanin-1 receptors and
increased chloride secretion (57). Finally, altered bicarbonate transport may con-
tribute to the diarrheal disease associated with EPEC (56). Additional studies are
required to further dissect this complex interplay between a mucosal pathogen and
intestinal epithelium.

Helicobacter pylori

Infection withH. pylori is associated with chronic gastritis, peptic ulcer disease,
and gastric adenocarcinoma and lymphoma (87). The bacteria adhere specifically
to the apical surface of gastric epithelium, and adhesion is influenced by the lewis
b antigen (10). A 40-kb pathogenicity island, the cag pathogenicity island (PAI),
is associated with ulcer- and gastritis-producing strains (14). It encodes a type IV
secretion system, which exports CagA, an immunodominant antigen (5, 111, 150).
On secretion, this bacterial protein is inserted into the host cell membrane and
becomes tyrosine phosphorylated, a scenario somewhat similar to the bacterially
directed translocation and insertion into the host cell plasma membrane of the Tir
protein of EPEC. Subsequent host cell phosphorylation and dephosphorylation
events are observed (5). The presence of the cag PAI correlates with changes in
the host cell cytoskeleton, including effacement of the microvilli at the site of
attachment, cytoskeletal rearrangement directly beneath the bacteria, and pedestal
formation at the site of attachment (143). Actin,α-actinin, and talin are involved
in this process. It is interesting that the CagA protein is often found at the site of
active actin reorganization (142). The cag PAI is also associated with the ability to
activate NF-κB and to stimulate IL-8 production (20, 21, 144). In T84 monolayers,
H. pylori induced PMN transmigation in an IL-8–, cag PAI–, and CagE-dependent
manner (60). It will be interesting to determine whether cell polarity can affect the
ability of H. pylori to colonize gastric epithelium and cause cytoskeletal changes.
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Salmonella: An Apical Pathogen that
May Be Receptor Independent

Salmonella enteriditis(includingS. enteriditis v. typhimurium) is one of the most
common causes of food-borne gastrointestinal infections in humans. In vivo, as
the bacterium approaches the epithelial surface, the microvilli in the immediate
vicinity degenerate. Long, fibrous structures can be observed that link the organ-
ism with the apical surface. The apical cytoplasm close to the organism begins
to bleb and swell, distorting outward, eventually internalizing the bacterium in a
membrane-bound vesicle that may be surrounded by cytoplasmic extrusion. Ep-
ithelial cell invasion involves the SPI1 pathogenicity island that encodes a type III
secretion system (reviewed in 34). Infection withSalmonella typhimuriumtriggers
rearrangement of polymerized actin and other cytoskeleton-associated proteins,
including α-actinin, tropomyosin, talin, and ezrin (37). Recently, two effectors
secreted by the SPI-1–encoded type III system, SopE and SptP, have been impli-
cated in the regulation of membrane ruffles and bacterial uptake (41, 176). Both
modulate the activity of Rac and CDC42: SopE by acting as a GTPase exchange
factor (GEF), and SptP as a GTPase activating protein (GAP). These findings
suggest thatSalmonellaentry could be receptor independent, as the delivery of
SopE via the type III secretion system might be sufficient to induce membrane
ruffling and bacterial uptake. However, whether specific bacterial adhesins bind
to apical receptors to allow engagement of the type III secretion system remains
unknown.

In contrast to typhoid fever caused bySalmonella typhiin humans andSalmo-
nella typhimuriumin mice,Salmonelladiarrheal infections are characterized by
disruption of the normal movement of electrolytes and water across the gut wall
(130) and a large influx of PMNs into the intestinal mucosa and lumen from the
underlying vasculature (155, 160). Apical addition ofSalmonellato T84 monolay-
ers cultured with PMNs leads to transepithelial PMN migration; notably, under the
conditions of the experiment, transcytosis or BL appearance of bacteria is not ob-
served. IL-8 synthesis and BL secretion occur, which is thought to recruit PMNs
through the lamina propria to the subepithelial space but not to induce PMN
transmigration. Evidence suggests that a novel soluble factor, pathogen-elicited
epithelial chemoattractant (PEEC), is necessary for the final step of PMN transmi-
gration (93). The ability ofSalmonellaserotypes to elicit PMN transmigration in
vitro correlates with their ability to cause diffuse enteritis (defined histologically as
transepithelial migration of neutrophils) but not typhoid fever in humans (91). This
in vitro PMN transmigration system has been used to identify specific bacterial
factors necessary for the process, including a putative PEEC. Several putative type
III secreted effectors ofSalmonella dublinthat affect fluid secretion and PMN
influx have been identified including SopA (168), SopB, an inositol phosphate
phosphatase (110), and SopD (46, 67, 161).

An interesting twist to the interaction ofSalmonellawith T84 cells is the find-
ing that nonpathogenicSalmonellacan prevent the induction of IL-8 secretion
by pathogenicSalmonella(108). The nonpathogenicSalmonellablock IκB-α
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degradation, which prevents subsequent nuclear translocation of the active NF-
κB dimer. Although IκB-α is phosphorylated, its subsequent polyubiquination is
specifically inhibited. The implication of these findings is that commensal bac-
teria of the gut could themselves be responsible for the unique tolerance of the
gastrointestinal mucosa to the proinflammatory stimuli presented by the enormous
numbers of bacteria inhabiting the normal gut. The identification of the bacterial
and/or host molecules responsible for the downregulation of the specific enzyme
involved in ubiquination and the determination whether nonpathogenicE. colican
also prevent the induction of IL-8 will be exciting areas of future research.

Mucosal Pathogens of the Genital Tract: Neisseria
gonorrhoeae and Chlamydia trachomatis

Sexually transmitted pathogens, such asN. gonorrhoeaeandC. trachomatis, ad-
here to and enter the polarized epithelium lining the genital tract. No M cells or
follicle-associated epithelium have been identified in genital tract epithelia. Almost
all studies of gonococcus (GC) have been carried out in tissue culture or organ
culture, as no animal models exist for this human-specific pathogen (and humans
are not usually eager volunteers). In the case ofC. trachomatis, both animal and
tissue culture models are available but often lead to contradictory results. More-
over, the absence of genetic transfer methods forChlamydiahas been severely
limiting. Nevertheless, understanding the complex interplay between these impor-
tant human pathogens and their host epithelial cells is essential to developing new
therapeutic approaches and vaccines.

The Gonococcus

Interactions of GC with the epithelial cell surface have been studied extensively
using organ culture (human fallopian tubes) and immortalized human epithelial
cells grown in vitro, although the role of epithelial cell polarity per se has not
been explicitly tested. On contact with the apical surface, the bacteria form a loose
association with the epithelial cell (27, 162), adhering as microcolonies at the tips
of clusters of elongated microvilli and on the plasma membrane (54). Subsequently,
the bacterial aggregates disappears and GC tightly adhere to the host cell surface
(94). The phase variable Opa family members play roles in adhesion, invasion, and
tissue tropism of the gonococcus; receptors for this gene family include cell surface
heparan sulfate proteoglycans, glycosaminoglycans, vitronectin, and members of
the CD66 family of transmembrane receptors (11, 16, 49, 52, 158, 159). CD66
molecules are found on the apical membranes of polarized T84 monolayers. Type
IV pili are another critical adhesin (153), which, via binding of the tip protein
PilC1 to CD46, promote initial attachment of the GC to epithelial cells (69). This
pilus-mediated adhesion induces the release of intracellular calcium by epithelial
cells and causes novel GC receptors to appear on the plasma membrane (68).
Adhesion via the type IV pilus induces formation of cortical plaques beneath
adherent bacteria, which are enriched in two Opa receptors (CD66 and HSPG) in
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receptor tyrosine kinases (intercellular adhesion molecule 1 and epidermal growth
factor receptor) and in cortical actin (97–99).

Both P+Opa- and P-Opa+ strains of GC transcytose across polarized epithe-
lium and exit the basal surface (95) without damaging the monolayer (98). IgA
protease and pili mediate the speed of transepithelial trafficking, the latter in a
manner that is independent of its role in attachment (61, 98). The exact role of
pili in virulence remains undetermined, however, because pilin-defective strains
can colonize human volunteers (66) and behave identically to wild-type strains
in human fallopian tube organ cultures (18). A genetic screen to identify mutants
of GC exhibiting accelerated transcytosis in polarized T84 monolayers identified
four mutants defining three genetic loci. These mutants adhere to and invade cells
at wild-type levels and do not affect the monolayer TER, which suggests that the
integrity of the cellular barrier is not compromised. Although these loci may affect
trafficking per se, it is more likely that increased intracellular quantities of bacteria
lead to the increased numbers that are transcytosed. The isolation of such mutants
implies that GC negatively regulate their intracellular growth and suggests that
the GC may respond to a stimulus encountered when cultured with epithelial cells
(62).

Chlamydia spp.

Chlamydiae are obligate intracellular parasites that are important causes of sexually
transmitted disease as well as trachoma (87).Chlamydia psittaciis primarily an
animal pathogen, but accidental acquisition by humans leads to psittacosis, a rare
cause of atypical pneumonia and endocarditis in humans.Chlamydia pneumoniae
is a significant cause of upper and lower respiratory tract infections in humans and
has been implicated in the pathogenesis of atherosclerosis.

Although much is known about the intracellular life ofChlamydiawithin host
cells, the initial interactions at the cell surface remain controversial (reviewed
in 55). No bacterial adhesin has been conclusively identified, although a novel
trimolecular mechanism of attachment has been proposed in which a chlamydia-
specific glycosaminoglycan bridges receptors on the infectious particle (the el-
ementary body, or EB) and the host cell (15, 123, 151, 175). Likewise, no host
cell receptor has been identified and the mechanism of internalization is unclear
(reviewed in 55). This may be due in part to multiple modes of entry that are
exhibited in both a strain-dependent and host cell–dependent manner (105, 124).
Although chlamydial internalization via actin-dependent clathrin-mediated endo-
cytosis has been reported (59, 121, 125, 169), others have failed to observe coated
pits (13, 121, 163). Entry is not prevented in cells expressing a dominant negative
form of dynamin, indicating that clathrin-independent uptake can occur (9). The ef-
fects of actin cytoskeleton inhibitors in infection have been variable, depending on
the serovar, cell type, and conditions of infection (121, 140, 163). These inhibitors
have little effect if added just after infection, which suggests that they inhibit entry
and not subsequent steps in the intracellular life cycle (9). Actin rearrangements
in the vicinity of the vacuole have been observed (85, 86, 157).
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Few studies of chlamydial internalization have been carried out using polar-
ized epithelial cells. When human endometrial gland epithelial cells were grown
on collagen-coated filters, endocytosed EBs were more frequently observed in
clathrin-coated vesicles than when the same cells were cultured on plastic sur-
faces. Similar results were observed with HeLa cells, again suggesting that there
are multiple routes of entry that are influenced by culture conditions and perhaps
by the polarization state of the host cell (169). The explicit effect of cell polarity
on C. trachomatisinfection in vitro is under investigation. Understanding the ba-
sis for such differences remains a key problem in the area of chlamydial cellular
microbiology.

Shigella

Shigellais a gram-negative bacterium that causes bacillary dysentery, a bloody
diarrhea that is endemic worldwide but particularly important in young children
in developing nations. Animal studies suggest that Shigellae penetrate the in-
testinal epithelium primarily by M cells (164), but entry into epithelial cells in
vitro has been most extensively studied. Products of the type III secretion system,
encoded on the 220-kb virulence plasmid and including IpaA, -B, -C, and -D,
allow the organism to penetrate M cells as well as nonpolarized or nonconflu-
ent epithelial cells (134). This involves a complex set of carefully orchestrated
changes in the actin cytoskeleton that result in the formation of ruffles and cellu-
lar extensions, which eventually merge and engulf the bacteria, a process lasting
5–10 min (for a comprehensive review, see 134). Underlying events include ac-
tivation of Rho family GTPases (1, 166), activation of vinculin (156) and src
kinase (28, 31), and recruitment of focal adhesion proteins including ezrin, pax-
illin, and p125FAK (165) in order to form a pseudo-focal adhesion complex (148).
The bacterium is taken up into a vacuole, lyses the phagosome membrane us-
ing IpaB (IpaC may also be involved), escapes into the cytosol, and spreads
from cell to cell by actin-based motility (8, 48). E-cadherin, a BL protein, is
required for efficient intercellular spread (135). Besides being involved in entry
and vacuole lysis, the IpaB gene product also activates caspase-1/interleukin-con-
verting enzyme 1B and induces secretion of the proinflammatory cytokine IL1-β

(177–179).
In confluent, polarized epithelial cell layers such as Caco-2 or T84 cell lines,

very little adherence ofShigella to the apical surface is observed (136). Only
direct contact with the BL surface, induced by disrupting the monolayer with a
calcium chelator such as EDTA, allows efficient entry into polarized cells (106).
Therefore, the issue of howShigellaaccesses the BL surface in intact colonic
mucosa remains to be solved. One possible mechanism is suggested by the finding
that apically locatedShigellastimulate transmigration of basal PMNs (114, 115).
The subsequent disruption of the intercellular junctions may be sufficient to allow
the bacteria to traverse the same route and access the BL surfaces, allowing more
efficient epithelial cell invasion as well as stimulation of the host immune response.
The mechanism of this apical signaling is unknown.



14 Aug 2001 17:39 AR AR135-16.tex AR135-16.SGM ARv2(2001/05/10)P1: GPQ

420 KAZMIERCZAK ET AL

Although Shigellado not enter cells through classical receptor-mediated en-
docytosis pathways, it is presumed that the Ipa proteins must nonetheless interact
with specific surface molecules in order to trigger changes in the actin cytoskele-
ton. The Ipa complex binds the fibronectin receptor, theα5β1integrin (165), but
integrins do not appear to be exclusive receptors for the IpaB-C complex. Indeed,
evidence that another cell surface molecule, CD44, may bind IpaB has been re-
cently published (136). Whether the putative receptors for the Ipa complexes are
basolaterally segregated in polarized epithelium remains to be investigated.

M cell infection byShigella flexneriis associated with membrane remodelling
that is similar to that seen following invasion of cultured epithelial cells. In contrast
to Salmonella, no cytotoxicity is observed withShigella, and the bacteria are
translocated to intraepithelial and subepithelial tissues. No invasion of adjacent
enterocytes is observed (133).

Listeria

Listeria monocytogenesis a facultative intracellular bacterium that causes life-
threatening infections, including bacteremia and meningitis. These infections oc-
cur primarily in the context of pregnancy, aging, and immunosuppression (87).
The interaction ofL. monocytogeneswith cultured macrophages and epithelial
cells has been extensively studied (for a review, see 19). Internalization occurs in
an actin-dependent manner and is inhibited by cytochalasin D. Bacteria are taken
up into a membrane-bound compartment that is lysed by the action of Listeriolysin
O, allowing bacteria to escape into the cytoplasm. The organism recruits cellular
actin to the polarly localized ActA surface protein and moves within the cytoplasm
as well as from cell to cell by actin-based motility.

The L. monocytogenesinvasin internalin (InlA) mediates entry into Caco-2
cells (19, 44) by a process requiring the extracytoplasmic domain of E-cadherin
(96). The binding of the C terminus of E-cadherin toβ-catenin and subsequent
interactions withα-catenin and actin likely explains why bacterial uptake is sen-
sitive to cytochalasin D. A hybrid consisting of the ectodomain of E-cadherin and
the actin-binding domain ofα-catenin was sufficient to supportListeriaentry into
fibroblasts.α- andβ-catenins, as well as E-cadherin, clustered and colocalized
at the entry site, where F-actin then accumulated. HowListeria accesses BL E-
cadherin to gain entry across the intestinal epithelium is unknown. The induction
of signaling events may lead to a transient depolarization of the intestinal epithe-
lium, allowing InlA-E–cadherin interactions. E-cadherin is also expressed in the
choroid plexus and may play an important role in the spread ofListeriaacross the
blood-brain barrier.

The closely related protein InlB mediatesListeria invasion of a wide variety of
cultured cell lines (30, 63, 80, 112). Two host cell receptors have been identified
for this molecule. gC1q-R, the receptor for the globular head of the complement
component C1q, binds InlB in a calcium-dependent manner (12). This ubiquitously
expressed protein does not possess a transmembrane domain or a consensus site
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for glycosylphosphatylinositol membrane anchoring, raising the possibility that a
coreceptor is required for bacterial internalization. The second receptor identified
for InlB, the Met tyrosine kinase (Met), may play such a role (145). Met, which is
a high-affinity receptor for HGF, binds InlB in a calcium-independent manner. It
is tyrosine phosphorylated following treatment of cells with purified InlB and is
required for downstream-signaling events that accompanyListeria internalization,
such as tyrosine phosphorylation of Gab1 and Cbl and interaction of Gab1 with p85.
InlB-mediated internalization ofListeria may play an important role in bacterial
traversal of the blood-brain barrier and/or in fetal infection, asL. monocytogenes
invasion of endothelial cells is InlB dependent but InlA independent (53, 112).

The entry ofL. monocytogenesinto Caco-2 cells as a function of cell polarization
and differentiation has been studied (45).Listeriaentered through the entire surface
of nonpolarized cells but predominantly through the BL surface of polarized cells.
However, electron micrographs show attachment and entry ofL. monocytogenes
into the apical surface of Caco-2 cells (71), though the frequency of this mode of
internalization is unknown (45). Calcium chelators reduce the uptake ofListeria
despite their ability to disrupt intercellular junctions and allow bacteria access to
the BL surface (71). This may reflect the inability of either InlA or InlB to bind their
cognate receptors in the absence of divalent cations. Of note, these studies did not
determine whether the increased entry into nonpolarized cells reflects an increased
density of receptors or of other components of the internalization pathway.

In vivo, the primary sites of entry ofL. monocytogeneshave not been clearly
identified. In mice, the organism multiplies in ileal Peyers’s patches (84, 90). In
orally infected rats, dividingListeria were observed in absorptive intestinal ep-
ithelial cells within 3 h after ingestion. At later times, the bacteria were found
in phagocytic cells present in the lamina propria (122). Other studies failed to
reveal invasion ofListeria into M cells (89). It is not clear whether enterocytes
are infected from their apical pole and represent a site of translocation across the
intestinal barrier or if they are infected from their BL surface after translocation of
the bacteria through M cells or between cells. Alternatively, infection of entero-
cytes could result from direct cell-to-cell spread of bacteria from infected M cells
or macrophages.

Yersinia Species

The interaction ofYersiniaspp. with epithelial cells and macrophages, especially
Yersinia enterocoliticaand Yersinia pseudotuberculosis, have been extensively
studied and have provided paradigms for bacterial internalization (reviewed in 33,
35, 64). In vitro internalization assays identified three surface molecules involved
in invasion: Inv, Ail, and YadA. The identification ofβ1-integrins as the receptor
for Inv and YadA poses an interesting paradox of how this luminal pathogen binds
to a receptor found on the BL surface. One explanation may be the identification of
β1-integrins on the apical surface of M cells cultured in vitro (141). Alternatively,
at least in polarized MDCK cells,Yersiniacan attach toβ1-integrins at TJs, disrupt
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the structures via delivery of YopE, a type III–secreted GTPase activating protein
(GAP), and access BL surfaces by paracellular diffusion (154). Finally, neutrophil
transmigration across intercellular junctions may allow access to BL ligands and
thus provide a portal of entry forYersinia(92). The relative contribution of each of
these processes to in vivoYersiniainfections remains to be determined. Quite pos-
sibly, the redundancy of invasion and entry pathways contributes to this organism’s
virulence.

Pseudomonas aeruginosa: An Opportunistic Pathogen that
Exploits Loss of Epithelial Cell Polarity for Invasion

P. aeruginosaprovides an example of a bacterium whose virulence at mucosal sur-
faces is augmented by the disruption of a highly polarized epithelial monolayer.
This opportunistic gram-negative pathogen is responsible for a large number of
nosocomial infections in the setting of preexisting epithelial tissue damage, in-
cluding superinfection of burns, corneal ulcer formation following contact lens–
associated trauma, and tracheobronchitis and pneumonia in mechanically venti-
lated patients (131). Highly polarized cells are relatively resistant to infection by
cytotoxic or invasive strains (38). Manipulations that disrupt polarity and/or mono-
layer integrity, including disruption of the monolayer by mechanical wounding
(120), treatment of cells with HGF (39), disruption of TJs by exposure to cal-
cium chelators (38, 116, 120), and growth under tissue culture conditions that do
not promote the formation of polarized monolayers (120), enhance internalization
by invasive strains and epithelial cell damage by cytotoxic strains. These results
are taken to show thatP. aeruginosainternalization or cytotoxicity preferentially
occurs following bacterial interaction with the BL domain of polarized epithelial
cells. However, the identity of the BL determinant responsible forP. aeruginosa
internalization has remained elusive. The finding that bacterial internalization is
decreased in cell lines lacking the cystic fibrosis transmembrane receptor (CFTR)
and that internalization can be restored on transfection with CFTR has suggested
that CFTR itself may be the receptor for invasion (117, 118). This hypothesis is

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2 Panel 1: Transcytosis of Pneumococcus by pIgR. The pIgR first carries
polymeric immunoglobulin from the basolateral (BL) to the apical surface. At the
apical surface, the pIgR binds the Pneumococcus (wavy-lined bacteria) and transports
it to the BL surface, where it is released.Panel 2: Pseudomonas aeruginosa(stippled
bacteria) enters into depolarized cells at the edge of a wound (cell labeled ‘D’) or at
BL surfaces between cells.Panel 3: Pathogens such asYersiniaandShigella(striped
bacteria) may access the BL surface by entry through apical receptors on M cells
(labeled ‘M’). P. gingivalis(dotted bacteria) secretes proteases that disrupt the TJ to
allow intercellular access. The apical surface is depicted by thin lines, and the BL
surface is depicted by a thick line.
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attractive in that it explains the unique susceptibility of CF patients to chronicP.
aeruginosainfections. However, the apical location of this receptor, the fact that
cells lacking CFTR can still internalizeP. aeruginosa, and the finding that overex-
pression of the CFTR in MDCK cells, which produce no or very little CFTR, does
not increaseP. aeruginosainternalization suggest that other receptors may also
play important roles forP. aeruginosainvasion (47). In recent studies, CD95 (the
fas receptor) mediated apoptosis of lung epithelial cells in some clinical isolates
of P. aeruginosa(51).

Further dissection of these events has been made possible by the use of con-
fluent MDCK monolayers assayed before complete polarization is achieved.P.
aeruginosaenters nonpolarized confluent monolayers through a toxin-B–sensitive
pathway that involves activation of RhoA (73; B.I. Kazmierczak, K. Mostov,
J.N. Engel, manuscript submitted). In polarized MDCK cells, internalization of
P. aeruginosais downregulated 10 to 100-fold, which correlates with a loss of the
RhoA-dependent pathway (74). Whether the downregulation occurs at the level
of the receptor or at subsequent steps prior to the activation of Rho remains to be
determined. RhoA activation andP. aeruginosainternalization are not dependent
on type III–secreted bacterial effectors, but they do require type IV pili (17; B.I.
Kazmierczak, K. Mostov, J.N. Engel, manuscript submitted). These results suggest
a mechanism for the increased susceptibility of wounded epithelia toP. aeruginosa
internalization. Previously, this phenomenon has been ascribed to increased levels
of a putative pilin receptor, asialoGM1 (24–26) or to the upregulation of fibronectin
and the integrinα5β1 during wound repair (126). However, RhoA activation also
occurs following epithelial injury (137); this activation may promoteP. aeruginosa
internalization.

Porphyromonas gingivalis: A Pathogen that Dissolves Tight
Junctions to Reach BL Tissues by a Paracellular Route

P. gingivalis is a gram-negative bacterium that is one of the primary causes of
adult periodontal disease. A key to its pathogenic potential is its ability to reach
subepithelial connective tissue structures.P. gingivalisadheres to and invades oral
epithelial cells in vitro in a process that may involve fimbriae (132, 149). Using
MDCK cells as a model for polarized epithelial cell layers, BL-appliedP. gingi-
valis can degrade occludin, E-cadherin, andβ1-integrin found in TJs, adherens
junctions, and cell-cell matrix junctions that serve to limit paracellular diffusion in
intact epithelial cell layers (72). These effects were observed even when the cells
were grown on 0.4-µm filters, which suggests that a diffusible molecule was re-
sponsible for the degradation. Similar effects were observed with apically applied
bacteria, although the time course was slower.P. gingivalisculture supernatants
were observed to degrade immunoprecipitated E-cadherin and occludin molecules.
P. gingivaliswas not directly cytotoxic to MDCK cells and could cross from the
apical to the BL compartment, but not vice versa. Together, these results suggest
that P. gingivalis can reach subepithelial tissues by specifically degrading the
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cell-cell junction complexes. The identity and specificity of the proteases and
why this effect occurs preferentially from the BL surface will be interesting to
investigate.

SUMMARY AND FUTURE DIRECTIONS

We are now beginning to appreciate that most pathogens must surmount an epithe-
lial cell barrier in order to cause disease. Some bacteria exploit unique features of
the apical or BL surface to facilitate colonization, infection, or penetration of the
epithelial barrier (Figure 2). For example, gonococci require one or more receptors
found primarily on the apical surface for invasion, apoptosis, or transcytosis. In
the case of Pneumococcus, the host cell receptor, pIgR, is found both basolaterally
and apically, but first encountersS. pneumoniaeat the apical surface after the re-
lease of polymeric immunoglobulin. Other pathogens must reach the BL surface
to establish an infection, either by entering and crossing M cells or by directly
disrupting the epithelial cell monolayer. Epithelial disruption may result indirectly
when pathogens stimulate PMN transmigration (Shigella, Yersinia, Listeria, and
possiblyH. pylori), or directly following pathogen-mediated degradation of TJ
components (P. gingivalis). Conversely, pathogens that induce their own uptake or
supply their own surface receptor (for example,S. typhimuriumor EPEC) may be
relatively insensitive to cell polarity. Still other pathogens (such asP. aeruginosa)
appear to interact preferentially with epithelial cells that are no longer polarized,
as may occur following epithelial cell injury. It will be interesting to determine
whether some microorganisms are able to reverse or alter cell polarity to allow
colonization and damage.

In addition to requiring unique apical or BL receptors, pathogens may also
exploit the distinct properties of the apical or BL actin cytoskeleton to facilitate
adherence and/or internalization. Specialized membrane subdomains, such as lipid
rafts, may also be required for interaction of certain pathogens with epithelial cells,
as suggested by the recent reports that caveolae mediate uptake of some pathogens
into macrophages, including mycobacteria, uropathogenicE. coli, andCampy-
lobacter jejeuni(127). The in vitro study of pathogen–host cell interactions has
revealed a wealth of information regarding mechanisms of disease and host cell
biology. However, we anticipate that examining how pathogens interact with the
polarized epithelial tissues they encounter in vivo will further expand our knowl-
edge of pathogenesis, provide vital insights into host cell biology, and illuminate
new targets for disease prevention and treatment.
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