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Preface

Intracellular pathogens are responsible for a number of impor-
tant diseases world wide, including such devastating ones as
malaria and tuberculosis. Many of these pathogens have been
difficult to study because either they are obligate intracellular
pathogens or the genetic tools to dissect the process have not
been available. This volume focuses on those intracellular
pathogens that have been studied most extensively at the
molecular, genetic, and cellular levels. The reviews attempt to
integrate the information derived from these diverse ap-
proaches into a cohesive picture. While there have been a
number of reviews on various aspects of this topic, it is useful to
look at them together, as this highlights the similarities and
differences. This series includes a similar compilation of re-
views published in 1988; looking back at that issue, it is striking
to see how rapid the progress of research in this area has been.
At that time, the general steps of entry had been described and
a few of the genes involved had just been identified. Now we
find that a description of the entry steps is being laid out at the
molecular level and the important signal transduction events
are being elucidated. In addition, numerous genes encoding
products involved in this process have been identified and
sequenced, and the mode of action of their products is being
intensively investigated.

When first studied, the entry steps taken by these diverse
bacteria seemed to be quite similar, while the genetic basis of
entry seemed to be dissimilar. As we have learned more about
each aspect, though, we find both similarities and differences at
all levels. Shigella, Yersinia, and Salmonella probably all target
M cells as a site of entry. However, Yersinia probably enters
due to the interaction of invasin on the bacterial cell surface
with B, integrin receptors on the eukaryotic cell. Uptake of
Legionella pneumophila also occurs via an integrin receptor
(CR1 and CR3). Enteropathogenic Escherichia coli (EPEC) syn-
thesizes intimin, a protein related to invasin, which mediates
adherence and probably plays a role in entry as well. Although,
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not related to invasin at the sequence level, internalin produced
by Listeria monocytogenesmay act in an analogous manner, but
further studies are required before this conclusion can be made.
No ligand comparable to invasin has been identified for Shigella
and Salmonella, which appear instead to enter by stimulating
macropinocytosis. While both Shigella and Salmonella stimu-
late membrane ruffling by triggering signal transduction events
involving host protein tyrosine phosphorylation, the host path-
ways involved differ. Despite this, recent data suggest that the
bacterial signaling proteins synthesized by Shigella and Salmo-
nella may be closely related. Curiously, type-lll secretion path-
ways have been implicated as important for the virulence of
Yersinia, Salmonella, Shigella, and EPEC. Nevertheless, the
proteins secreted by these pathways do not play the same role
for each species. In the case of Shigella, Salmonella, and EPEC
the secreted proteins are probably involved in triggering the
signal transduction cascade in the eukaryotic cell, leading to
entry. In contrast, the secreted proteins of Yersinia are involved
in blocking host defense activity and may be antiphagocytic.

Once inside the cell, the subsequent steps observed for the
gram-negative pathogen Shigella flexneriand the gram-positive
pathogen L. monocytogenes are remarkably similar. They both
escape the phagocytic vacuole, multiply freely in the cytoplasm,
and induce polymerization of host actin—a process that results
in direct cell-to-cell spread. Although many of the bacterial
products involved have been identified, no similarities at the
sequence level have been noted. However, further research
into the structure and mode of action of these proteins may
reveal evolutionary relationships not evident from the primary
sequence.

Many of the results and ideas presented in these reviews
were only recently published or have yet to be published, and
thus represent the very latest in a rapidly moving field. Although
much has been learned about bacterial invasion in the past
decade, we still do not have a complete story. In fact, the more
we learn, the more the imagination is teased and the more
elegant the solutions to tough problems encountered by the
bacteria seem. Clearly, many interesting discoveries remain to
be made.

Los Angeles,USA VIRGINIA L. MILLER
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1 Introduction

The enteropathogenic Yersinia are two gram-negative bacterial species related
to the causative agent of bubonic plague, Yersinia pestis. Yersinia enterocolitica
causes a variety of intestinal diseases as well as mesenteric lymphadenitis, with
outbreaks occurring primarily in cold-weather climates (ANDERSON et al. 1991;
TripoLl et al. 1990). The most notable characteristic of Y. enterocolitica infections
is that mild orinapparent bacterial infections may trigger a number of autoimmune
disorders (Saario et al. 1992; TowvaNneN et al. 1993). These include thyroiditis and
reactive arthritis, particularly in individuals harboring the HLA B27 histocompatibil-
ity allele (Maki et al. 1991; ToivaNeN and ToivaNen 1994; Tomer and Davies 1993;
WEnNzeL et al. 1991). Y. pseudotuberculosis causes enteric diseases and associ-
ated complications very similar to those seen with Y. enterocolitica (FukusHiMA
1991; FukusHiMa et al. 1990; STaHLBERG et al. 1987).

Howard Hughes Medical Institute and Department of Molecular Biology and Microbiology, Tufts
University School of Medicine, 136 Harrison Ave., Boston, MA 02111, USA
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Enteropathogenic Yersinia diseases have been studied extensively to gain
insight into several important pathogenic processes. First, they have been
analyzed to understand how a pathogen can spread from an intestinal site to set
up a replicative niche in other tissue sites (CARTER 1975; HeeseManN et al. 1993).
Second, they express a number of proteins that appear to be analogs of well-
characterized regulatory factors present in the mammalian hosts (STRALEY et al.
1993). Analysis of these proteins is certain to provide insight into how disruption
of regulatory processes within host cells contributes to establishing and maintain-
ing an infectious disease. Third, as they are strongly associated with the presence
of reactive arthritis is susceptible individuals, their study is hoped to uncover basic
events within the host that lead to rheumatological disorders (Maki et al. 1992).
Finally, they have allowed dissection of bacterial uptake by normally nonphago-
cytic cells (Iseera and Tran VAN NHIEU 1994a). The focus of this chapter will be on
this last aspect of Yersinia pathogenesis, with some overview of the patho-
genesis of these microorganisms.

2 Enteropathogenic Yersinia Disease

Disease caused by enteropathogenic Yersinia is is initiated by ingestion of
contaminated foodstuffs, generally due to undercooked meats or contaminated
lots of milk or water supplies (Fukai and Maruyama 1979; MEeriLAHTI et al. 1991).
The most extensively studied animal models for this enteric infection are the
rabbit and mouse, in which the disease proceeds by translocation across the epi-
thelium of the ileum or the colon to the submucosal region (CarTer 1975). In the
mouse ileum, there is some evidence that Y. enterocolitica is found within a
subset of cells called M cells, located over the lymphoid Peyer's patches
(Grutzkau et al. 1990; Hanski et al. 1989a). In the case of Y. pseudotuberculosis,
uptake into cells overlaying the Peyer's patches occurs rapidly after injection of
bacteria into the lumen of ligated intestinal loops, internalized bacteria being
evident within 15 min after their introduction into the loop (MaRrA and ISBERG
unpublished). Internalization appears rather patchy, with some intestinal cells
showing large numbers of bacteria and adjoining cells showing none, indicating
that the mammalian cell receptors for the bacteria may be unevenly distributed
through the intestine. Bacteria can be found within the Peyer's patch shortly after
this time, with microorganisms both within and outside cells. In animal models,
enteropathogenic Yersiniadrain into mesenteric lymph nodes, and large numbers
of bacteria can be found in these glands within 24 h of initial infection (CARTER
1975). In human infections, it appears that the disease terminates at infection of
mesenteric lymph nodes (O'LoucHLIN et al. 1990). After oral infection, susceptible
animals, such as many mouse strains, are unable to harness the replication of
enteropathogenic Yersinia at this site, and bacterial growth continues after
drainage into the liver and spleen. The bacteria are exclusively extracellularly
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localized and continue to be outside host cells for the duration of the disease.
Replication at these sites eventually causes death of the animal.

The most striking characteristic of the disease is that during fulminant
replication within host tissues, the microorganism appears to actively resist
uptake by both professional phagocytes and normally nonphagocytic cells
(SimoNEeT et al. 1992). This situation is quite different from what is seen in the early
stages of the infection and from what is seen after bacteria grown at ambient
temperature are introduced onto mammalian cells (Issera 1989). This extracellular
localization is probably a direct result of factors produced by a large virulence
plasmid found in all Yersiniaspecies (STARLEY et al. 1993). Encoded on the plasmid
are three sets of factors involved in proper deposition of virulence-associated
proteins, either within host cells or into the extracellular milieu. One group of
factors, the lcr or vir loci, is involved in regulation of the synthesis and proper
localization of extracellular virulence proteins. The products of the lcr lock are
responsible for ensuring that virulence-associated proteins expressed from the
plasmid are maximally expressed at physiological temperatures under Ca?*-
limiting conditions (Hoe et al. 1992; RimpILAINEN et al. 1992). Their expression also
results in a phenomenon known as Ca?*-dependent growth, causing bacteria to
die when incubated at 37°C in bacteriological media lacking Ca?** (FowLEr and
Brusaker 1994). A second group of factors probably provides the machinery for
export of virulence-associated proteins that lack N-terminal signal sequences
(FiELps et al. 1994; Happix and STrALEY 1992; MicHIELs et al. 1991). Many of these
loci corresponding to vscand svc genes, as well as some of the Icr genes, show
strong sequence similarity to the loci found in numerous bacterial pathogens of
plants and animals that express proteins involved in export and assembly of a
variety of virulence-associated secreted proteins (ALLaoul et al. 1993; Huang et al.
1992). The targets of this specialized secretion machinery are the Yops, which
constitute the third important set of proteins expressed by the virulence plasmid
(CornEUs et al. 1989; STraLey and Bowmer 1986). Although the functions of many
of the Yops are unknown, several have been identified either as acting directly on
or within host cells, or as being involved in the deposition of Yersinia proteins
within target cells (Buiska et al. 1991; GaLvov et al. 1993).

The extracelluar locale of enteropathogenic Yersinia replicating within the
liver and spleen is probably a direct result of multiple phenomena. It is most
probably the result of deposition of two Yop proteins within the host cell cytosol
that antagonize bacterial uptake (Rosavist et al. 1991). One of these, the product
of the vopE gene, is referred to as a cytotoxin, with the function of inducing
depolymerization of the host cell cytoskeleton (Rosavist et al. 1989, 1991). As
most phagocytic processes require cytoskeletal rearrangements, this is probably
the cause of the disruption of bacterial uptake. The second antiphagocytic protein
is the product of the vopH gene, which is tyrosine phosphatase (RosavisT et al.
1988a; 1990). It prevents the formation of a phosphorylated protein intermediate
that is an important signal for phagocytosis (BLiska et al. 1991). The role of this
protein in interfering with uptake will be discussed in greater detail below.
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3 Uptake of Enteropathogenic Yersinia by Cultured Cell
Lines and the Identification of Invasin

Morphological studies of animal infection models indicate that enteropathogenic
Yersinia are found in an intracellular niche during the period directly following the
initial bacterial encounter with the intestinal mucosa (Grutzkau et al. 1990; Hanski
et al. (1989b). Intracellular localization during an infection probably allows translo-
cationinto deeper tissues. Most adherent cultured cells lines efficiently internalize
enteropathogenic Yersinia (DeEveNisH and ScHIEMANN 1981). Uptake into cultured
cells occurs via circumferential binding of the host cell about the surface of the
bacterium, with individual microorganisms internalized into membrane-bound
phagosomes (BovaLuus and Nisson 1975). Maximal uptake is observed if the
bacteria are cultured at temperatures lower than 28°C prior to incubation with
the mammalian cells (IsserG et al. 1988), and uptake levels that approach 50% of
the initial inoculum are possible if bacteria are cultured optimally. Preculturing at
37°C, on the other hand, results in reduced uptake efficiency due to induction of
the antiphagocytic YopE and YopH proteins (Rosqvist et al. 1988a, 1920). The
fact that uptake occurs maximally in the absence of the Yersinia virulence plasmid
indicates that the primary factors associated with efficient uptake are chromo-
somally encoded (IsBerG and FaLkow 1985).

Identification of Yersinia factors required for uptake was accomplished by
selecting for cosmids that contain Y. pseudotuberculosis chromosomal DNA
able to confer the ability of innocuous Escherichia coli laboratory strains to enter
cultured mammalian cells {Iseerc and FaLkow 1985). Such molecular clones, all of
which expressed the product of the inv gene, invasin, were selected based on
their ability to allow survival of the bacteria in mammalian cell cultures treated with
gentamicin, an antibiotic unable to efficiently kill intracellular bacteria (MANDELL
1973). The product of inv, predicted to be 986 amino acids, was shown to be
exposed on the bacterial cell surface (IsBerc et al. 1987). Bacteria that express
invasin bind tightly to the mammalian cell surface (IsBerG et al. 1987). Mammalian
cells adhere to invasin that has been fractionated on an SDS-polyacrylamide gel
and transferred to Immobilon filters, or to purified invasin derivatives immobilized
on plastic dishes (IsBerc and Leon 1988). Adhesion requires divalent cations and
is localized in the carboxyl terminal of the protein, as purified hybrid proteins
containing the carboxyl terminal 192 amino acids of invasin fused to E. coli
maltose-binding protein support mammalian cell adhesion (LeonG et al. 1990). An
amino terminal region extending over 600 amino acids is required for proper
localization and presentaiton of the cell adhesion domain of invasin on the
bacterial cell surface.

The invgene is highly similar to several loci associated with bacteria-host cell
interactions that have been found in a variety of related gram-negative enteric
pathogens, such as enteropathogenic E. coli and Citrobacter freundii (Table 1;
JERsE et al. 1990; ScHauEr and Farkow 1993; Yu and Karer 1992). Some of these
other loci express products that have been termed intimins, based on the fact that
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Table 1. Gene families associated with Yersinia uptake into cultured cells

Gene Microorganisms Function Reference
A. Ail family
ail Y. Enterocolitica Adhesion, uptake Miller and Falkow (1988)
complement resistance Bliska and Falkow (1992)
Y. pseudotuberculosis Complement resistance Yang and Isberg unpublished
pagC S. typhimurium Intracellular survival Pulkkinen and Miller (1991)
rck S. Typhimurium Complement resistance Haffernan etal. (1992)
Adhesion, uptake Haffernan et al. (1994)
ompX  E. cloacae ? Stoorvogel et al. (1991)
E. coli ? Mecsas et al. (1995)
fom bacterophage A ? Munn and Reeves (1985)

B. Invasin family

inv Y. pseudotuberculosis Adhesion, uptake, Isberg and Falkow (1985)
deposition of Yops Rosquist et al. (1990)
Y. enterocolitica Adhesion, uptake Miller and Falkow (1988)
eaeA Enteropathogenic Attachment and actin Jerse etal. (1990)

E. coli

Enterohaemorrhagic
E. coli

Citrobacter freundii
biotype 4280

Hafnia alvei

pedestals

Attachment and actin
pedestals

Colonic hyperplasia
pedestals

Attachment and pedestals

Yu etal. (1992)

Schauer and Falkow (1993)

Franker etal. (1994)

Fig. 1. Structure of the Yersinia pseudotuberculosis invasin protein.

Shaded region extending

approximately 700 amino acids from the amino terminal end is region with high sequence similarity to
the intimins. The carboxyl terminal 192 amino acid cell-binding domain is denoted in black. Note the
disulfide bond between amino acids 907 and 982 and the sequences of the two regions of the protein
that, when mutated, exhibit defects in cell adhesion. Shaded residues, when changed to other amino
acids, cause either total elimination of cell adhesion (C907 and D311) or substantial loss of adhesion
(F808 and D811)

they are involved in intimate interaction of the bacterium with the host cell
(DonNENBERG et al. 1993). Unlike invasin, intimins act in coordination with other
bacterial factors to promote an attaching and effacing structure, in which bacteria
attach to intestinal epithelial cells and cause aggregation and immobilization of
host cell actin about the site of bacterial binding, with simultaneous effacement
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of surrounding microvilli. The region of invasin that is similar to the intimins is
limited to the amino terminal 700 amino acids responsible for surface presenta-
tion of the cell adhesion domain (Fig. 1; Leong et al. 1990). The C-terminal region
of approximately 200 amino acids forms a cell adhesion module that varies in
sequence among each of the homologues (Yu and Karer 1992; FrRankeL et al.
1994). Interestingly, the only striking similarity within this C-terminal region is the
presence of a pair of cysteines separated by 72-78 amino acids (Fig. 1). These
two cysteines form a disulfide bond in invasin that is essential for maintenance of
a binding-competent conformation (LEonG and ISBERG 1993).

4 |dentification and Analysis of the ail Gene Product

A chromosomal gene bank from Y. enterocolitica was introduced into an E. coli
laboratory strain, and selection identical to that described for Y. pseudotuber-
culosis was performed to identify factors involved in uptake (MiLLER and FALkow
1988). A gene corresponding to an invhomologue was isolated by this procedure,
as well as a second locus called ail, which had not been isolated in the selection
from the Y. pseudotuberculosis gene bank (Iseeré and Fakow 1985). E. coli
strains harboring plasmids encoding the 178 amino acid product of the ail gene
adhere efficiently to a variety of mammalian cell lines (MILLER et al. 1990). On the
other hand, with the exception of Chinese hamster ovary cells, uptake is rather
inefficient compared with that seen with the parental Y. enterocolitica strain
(MiLLer et al. 1990). The product of the ail locus appears to promote serum
resistance when expressed in E. coli, and Y. enterocolitica strains lacking the
virulence plasmid and harboring insertion mutations in ail locus are exquisitely
sensitive to human complement (Buiska and FaLkow 1992; PiersoN and FalLkow
1993).

The ail gene from Y. pseudotuberculosis was recently isolated using low-
stringency hybridization with a Y. enterocolitica ail probe (Y. YANG, J. MERRIAM,
and R. IsBerG, unpublished data). When expressed in E. coli, the Y. pseudotuber-
culosis homologue confers high-level resistance to the action of human comple-
ment but shows no apparent ability to promote bacterial adhesion or uptake.
Consistent with these results is the analysis of insertion mutations in the
Y. pseudotuberculosis chromosome that disrupts ail gene product function. Such
mutants are indistinguishable from wild-type bacteria in their ability to adhere to
cultured cells but are extremely sensitive to the bactericidal effects of serum
(Y. Yang, unpublished data).

The predicted products of the ail and inv genes show no apparent homology
to each other. The product of ail, however, is a member of a large family of genes
that are found in most enteric bacteria (Table 1; MiLLer et al. 1990). Some of
these loci, such as rck in Salmonella typhimurium, can also contribute to comple-
ment resistance (HerFernAN et al. 1992). Others, such as the product of the
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S. typhimurium pagC locus, which is involved in survival within phagocytes
(PuLkkinen and MiLLEr 1991), have no identified biochemical activity. That a small
reading frame can give rise to a diverse set of functions was explained by the
structural model presented by Miller and co-workers based on their work with the
Y. enterocolitica ail gene (Beer and MiLLER 1992). They isolated a series of ail
genes from several Y. enterocolitica serotypes. Several of these loci, when
harbored in E. coli, had lowered uptake proficiency. Sequencing revealed that
most of the divergence between different isolates was found in amino acids
predicted to be located in loops between individual B strands. The authors
proposed that the §§ strands corresponded to regions that span the outer mem-
brane and that most of the sequence divergence could be predicted to be found
on the surface-exposed face of the outer membrane. Consistent with this
prediction is the fact that the membrane-spanning regions of most outer mem-
brane proteins are § strands (KreuscH and ScHuiz 1994).

The model for Ail protein, in which multiple membrane-spanning segments
are embedded in the outer membrane and the biological activity is limited to
surface-exposed loops, indicates that structures protruding from the outer sur-
face of the bacterium could interfere with recognition of Ail protein by mammalian
cells. Recent work from Pierson is consistent with this interpretation, as condi-
tions that favor the assembly of O-antigen on the bacterial cell surface result in
lowered ability of Ail to promote internalization within mammalian cells (PIERsON
1994). Furthermore, mutations that result in enhanced uptake of Y. enterocolitica
inv mutants have disruptions in O-antigen synthesis. Uptake of the revertants
requires the presence of an intact ail gene (Pierson 1994).

The fact that the ail product has multiple activities means that its biologically
relevant function is unclear. Epidemiological evidence suggests that the protein is
important for pathogenesis, as there is a very close correlation between the
presence of the ail gene and the potential of a Y. enterocolitica isolate to cause
disease (MILLER et al. 1989). Environmental isolates that have no demonstrated
potential to cause disease consistently fail to harbor the ail gene, whereas all
known Y. enterocolitica isolates from human disease cases express the gene
product (MiLLer et al. 1989). Unfortunately, Y. enterocolitica ail mutants have
rather subtle phenotypes. For instance, such mutations result in only a small
decrease in uptake by cultured mammalian cells relative to wild type, as might be
expected for microorganisms harboring an intact inv gene (PiErson and FaLkow
1993). They also have little effect in animal infection models in which death is
used as an end point (M. WacHTeL and V. MiLLER, personal communication). This
latter result may be a reflection of using animals that are exquisitely sensitive to
Yersinia enteropathogenesis. Mouse infections may not give insight into the
rather attenuated diseases that occur in human beings, especially given the close
correlation between presence of the ail gene and pathogenic potential of the
microorganism.
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5 Alternate Strategies that Allow Uptake
and Adhesion to Cultured Mammalian Cells

The analysis of Y. pseudotubercuiosis inv mutants indicates that there are other
factors besides invasin and Ail that allow interaction with mammalian cells.
Y. pseudotuberculosis inv mutants grown at 28°C enter mammalian cells at 1%
the efficiency of wild-type strains, as measured by survival after gentamicin
treatment (Iseerc 1989). Although low, this level is higher than that seen for
laboratory E. coli strains and higher than that for Y. pseudotuberculosis inv
mutants cured of the virulence plasmid. To identify the plasmid-borne factor that
promotes this low-level uptake, a gene bank was made from the virulence
plasmid and introduced into a Y. pseudotuberculosis inv mutant, and strains able
to enter mammalian cells were selected by introducing the entire pool onto a
HEp-2 cell monolayer (YanGg and IsBerg 1993). All such strains that survived
contained plasmids encoding the previously characterized YadA gene. In a
complementary study, it was shown that E. coli strains harboring plasmids in
which YadA was placed under the control of the /ac promoter were able to enter
mammalian cells if the bacteria were cultured under conditions that induced
expression of vadA (Buska et al. 1993). Defined Y. pseudotuberculosis vadA inv
double mutants were shown to be as defective for uptake as laboratory E. coli
strains, indicating that these two were the primary factors responsible for uptake
into the cultured lines analyzed (YanG and ISBERG 1993).

The product of vadA is a 435 amino acid primary translation product that
makes fibrillar structures on the surface of the bacterium (Skurnik and WoLrF-Watz
1989). It had been previously characterized as an adhesive molecule with a variety
of activities, including binding to mammalian cells. In addition, it binds extra-
cellular matrix proteins such as collagen (Emopy etal. 1989) and fibronectin
produced by cultured cells [but not that derived from plasma; (ScHuLze-Koorps et al.
1993)] and components of mucus, and it provides complement resistance and
antagonism of phagocytosis by neutrophils (CHINA et al. 1993, 1994). YadA-
promoted adhesion to mammalian cells may involve binding to cellular fibronectin
or collagen or direct binding to a cellular receptor. YadA-dependent adhesion is
inhibited by antibodies directed against B, integrin receptors (BLiska et al. 1993).
This indicates either that YadA binds directly to these receptors, or that mamma-
lian proteins able to bind these receptors form a bridge between the bacterium
and the mammalian cell. As fibronectin and collagen bind both YadA and integrin
receptors, the formation of a bridge by this extracellular matrix (ECM) seems the
most likely model for the adhesion event that precedes YadA-dependent uptake.

The biological relevance of uptake promoted by YadA is rather unclear. The
protein obviously has a plethora of activities, most of which have little relationship
to uptake. Furthermore, the efficiency of uptake promoted by YadA is unimpres-
sive relative to that seen with the other characterized entry pathways. It seems
most likely that uptake is a consequence of efficient binding of the bacteria to
ECM proteins, which invivo are immobilized in a rather inflexible matrix.



Uptake of Enteropathogenic Yersinia 9

In cultured cell lines, however, fragments of matrix bound to the mammalian cell
may bind the bacteria, and the resulting adhesion complex may be internalized at
a low level.

Analysis of vadA inv mutants showed that there is yet another activity
expressed by Y. pseudotuberculosis that allows adhesion to mammalian cells.
Y. pseudotuberculosis inv mutants cured of the virulence plasmid adhere effi-
ciently to mammalian cells, dependent on the temperature at which the bacteria
are cultured prior to incubation with mammalian cells. Bacteria pregrown at 28°C
adhere much less efficiently than those grown at 37°C (Isserc 1989), and Buiska
noted that culturing at pH =6.0 prior to binding of mammalian cells vastly
improves the adhesion (J. Buiska, personal communication). As these were
conditions in which a pilus-like structure called pH 6 antigen (psaEAB locus) is
maximally expressed (LinDLER and TaLL 1993), he hypothesized that this factor was
responsible for the fourth adhesion pathway (J. BLiska, personal communication).
Analyses of Y. pseudotuberculosis inv vadA psaA triple or inv YadA psaA ail
quadruple mutants indicate that elimination of inv YadA and psaA is sufficient to
prevent detectable adhesion to cultured HEp-2 cells (Y. Yang and R. IsBerG
unpublished).

One important aspect of adhesion via the pH 6 antigen structure is that,
although it promotes efficient extracellular binding of the bacteria to the mamma-
lian cells, no detectable uptake occurs. This illustrates a central feature of bacterial
adhesion to host cells: mere binding of a bacterium to a host cell is not sufficient
to result in internalization of the microorganism. There must be determinants
other than simple binding that are necessary to facilitate uptake, or else the
adhesion event must meet certain requirements before internalization can occur.
Analysis of the mode of action of invasin has helped to clarify this particular
problem.

6 Mechanism of Action
of the Y. pseudotuberculosis Invasin Protein

As illustrated in the pH 6 antigen example, the ability to bind mammalian cells is
not sufficient to promote entry. To determine whether binding to a special
receptor on the mammalian cell surface is the key element in allowing invasin-
promoted uptake, proteins that bind invasin were identified (IsBerG and LEONG
1990). Detergent extracts of surface-labeled mammalian cells from a variety of
cell lines or tissue sources were subjected to affinity chromatography on invasin-
agarose columns, and bound proteins were eluted with EDTA (IsBerG and LEONG
1990). Five different proteins were isolated by this procedure that were members
of the integrin superfamily of cell adhesion molecules (Table 2; IsBerc and LEONG
1990). The integrin family consists of more than 20 off heterodimeric surface
proteins involved in binding to ECM proteins and in cell-cell interactions. There are
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Table 2. Invasin receptors and their host ligands

Integrin  Typical cells Typical ligands

o, B, Neuroblastoms Vitronectin, fibronectin
o,p, Epithelial Cells Fibronectin, epiligrin
o,B, Lymphocytes, monocytes Fibronectin, VCAM-1
o,p, Endothelial cells, Fibroblasts  Fibronectin

o, Platelets Laminin

over a dozen o chains and eight  chains (B,—B) that can assort with each other to
form at least 20 different heterodimers (Hynes 1992). The substrates bound by
each receptor are determined by the particular chains present in the heterodimer.
For instance, the integrin a,B, is a receptor for fibronectin (ArGraves et al. 1986),
whereas o, is a vitronectin receptor (Lam et al. 1990).

Each of the integrin receptors bound by invasin has the B, chain (Fig. 2; IsBera
and Leong 1990), but invasin does not bind directly to this chain, as determinants
on both the a and B, chains are required for binding. The isolated B, chain cannot
bind invasin {(G. Tran Van Nhieu, unpublished), nor can the purified collagen
receptor o,P, (Iseerc and Leong 1990). The identified integrins are true receptors
for invasin, as their intact function is required for uptake. For instance, function-

Fig. 2. Structure of integrin invasin receptors. Shown is typical off heterodimer that binds invasin.
Several invasin receptors have a cleaved C-terminal o chain disulfide-link to the ligand binding region
of the a chain. Shown are the seven amino terminal repeats (mm) containing three or more divalent
cation binding sites corresponding to EF hand-like sequences in the a chain. The cysteine-rich regions
in the B chain are noted (C33), as are ther regions involved in ligand recognition (mm). The cytoplasmic
domain of the B chain is displayed showing the critical shaded NPIY sequence
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blocking antibodies directed against the B, chain prevent both invasin-dependent
bacterial binding to the mammalian cell and uptake (IsBerG and Leong 1990).
Uptake can also be prevented by a combination of anti-a monoclonal antibodies
(mAbs) that recognize the appropriate receptors on a particular cell type. Finally,
acell line lacking the B, chain is unable to bind or internalize bacteria via the invasin
pathway (E. Krukonis and R. IsBerG, unpublished data).

Integrin receptors are able to couple extracellular adhesion to numerous
signaling events within the mammalian cell (Hynes 1992), some of which allow
association of the B, chain to cytoskeletal-associated proteins such as talin
(HorwiTz et al. 1986), c-actinin (OTey et al. 1990), and the focal adhesion kinase
p1257% (ScHaLLer et al. 1992). Most notable among the responses to integrin-
mediated adhesion are a variety of phosphorylation events (Guan et al. 1991),
rearrangement of the cytoskeleton {(Hynes 1992), and alteration of cytoplasmic pH
(ScHwarTz et al. 1991). In addition, it has been known for a number of years that
adhesion of integrins can be modulated by intracellular signaling events such as
those induced by small molecule mediators or by cellular adhesion to appropriate
substrates (Ennis et al. 1993; HermanowskI-VOSATKA et al. 1992).

The association of cytoskeletal elements with the B integrin chain may be
important for invasin-promoted uptake (Fintay and Fakow 1988). Internalization
appears to require rearrangement of the cytoskeleton and is inhibited by agents
that depolymerize actin, such as cytochalasin D (FinLay and Faikow 1988). The
presence of cages of actin surrounding phagosomes as determined by fluores-
cence microscopy has been reported, suggesting direct attachment of cyto-
skeletal elements to some factor located in the phagosomal membrane (YounG
etal. 1992). One interpretation of these results is that attachment of the
bacterium to the integrin receptor allows an important functional interaction to
occur that signals rearrangement of the cytoskeleton. If this is the case, then itis
possible that mere attachment of the bacterium to the integrin receptor is
sufficient to promote uptake.

Several lines of evidence indicate that integrin ligands such as fibronectin
promote rather inefficient uptake of bound bacteria, so simple attachment of a
bacterium to an integrin is not sufficient to result in bacterial uptake. A variety of
bacteria have fibronectin-binding proteins on their surface (FLock etal. 1987,
Hook et al. 1989), yet fibronectin-coated bacteria bound to the mammalian cell
are internalized poorly (as is the case with YadA-promoted uptake; YANG and ISBERG
1993). Furthermore, Staphylococcus aureus bacteria coated with identical quan-
tities of invasin and fibronectin have vastly different fates, the invasin-coated
bacteria being much more efficiently internalized (RankiN et al. 1992; Tran VaN
NHIEU and IsBerG 1993a).

In spite of these results, invasin does not have a function distinct from
adhesion that triggers internalization of the bound bacterium. This was demon-
strated by analyzing bacterial uptake promoted by successively smaller derivatives
of MBP-invasin hybrid proteins. Bacteria coated with the smallest derivatives
capable of binding mammalian cells were efficiently internalized, whereas binding-
defective derivatives promoted no internalization (Rankin et al. 1992). Although
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this result does not rule out the possibility that invasin has overlapping binding and
uptake activities in this domain, the simplest interpretation is that integrin binding
is the only activity present in invasin that is necessary for uptake.

One explanation for the different responses to invasin and fibronectin is that
ligands that promote extracellular localization of bacteria bind a different site on
the integrin receptor than does invasin. This possibility was eliminated by analyz-
ing the interaction of invasin with the o, integrin purified from human placenta
(Tran VAN NHIEU and IsBerG 1991). Fibronectin competitively inhibited the binding
of labeled invasin to filter-immobilized a,B, integrin in this study (Tran VAN NHIEU
and IsBerG 1991). A peptide from fibronectin (GRGDSP) that inhibits binding to the
of, integrin also inhibited the binding of labeled invasin to the purified receptor.
Furthermore, all mAbs that block invasin binding to its receptor also block
fibronectin binding. Consistent with these results were those of a related study,
in which a point mutation in the 8, chain was shown to simultaneously eliminate
binding to invasin and all other characterized substrates (Takapa et al. 1992).
There must be some physical property of the binding step, however, that
distinguishes invasin from other integrin ligands.

Invasin binds its integrin receptors with an extremely high affinity that is one
or two orders of magnitude greater than that for most mammalian integrin
substrates (Tran Van NHIEu and IsBerG 1991). The only other known integrin ligands
that bind so avidly belong to a family of small snake venom proteins, called
disintegrins, that target the platelet integrin ligand o, B, (NIEWIAROWSKI et al. 1994).
Invasin binds to the o, integrin with a K;=5 x 10° M and a rather slow off rate of
t,,=20 min. In contrast, the K, of fibronectin binding to the identical receptor is
approximately 7 x 107 M (Akivama and Yamapa 1985).

The large difference in affinity between fibronectin and invasin is probably the
basis for their different efficiencies in promoting uptake. In support of this
hypothesis, MAbs directed against the a4, integrin were used as surrogate
ligands for bacterial uptake (Tran VAN NHIEU and Iseera 1993b). For this purpose,
S. aureus was coated with each of the MAbs and used to challenge cultured HEp-
2 cells. All of the MAbs were able to promote similar levels of adhesion to the cell
line, but the uptake efficiency was a direct linear logarithmic function of the
relative affinity of the MAbs for the receptor. Overproduction of receptor allowed
S. aureus coated with low-affinity MAbs to be internalized, although the relative
uptake efficiency of each MAb was still dependent on affinity (TRAN VaN NHIeu and
IsBerG 1993a).

There are several complementary explanations for the requirement for high-
affinity binding by invasin. The need for high-affinity interaction indicates that
competing events may interfere with uptake, as integrin receptors are able to bind
ECM proteins as well as invasin. As a result, receptors are immobilized, reducing
the number of receptors that can be used for uptake. This also means that the
number of receptors available for uptake will be modulated by the affinity of
binding to ECM. A second implication of the competition model is that host cells
limited in receptor concentration limit the bacteria to extracellular adherence. In
support of these predictions, mammalian cells spread on ECM substrates of
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varying affinities were challenged with bacteria coated with either invasin or
MADbs directed against the a3, integrin, and the efficiency of bacterial uptake was
measured (TrRan Van NHIEU and IsBerG 1993a). Bacteria coated with the high-affinity
ligands were most efficiently internalized if the mammalian cells were plated on
substrates having low affinities and were inefficiently internalized if the mamma-
lian cells were plated on substrates containing high-affinity MAbs directed against
0B, integrin (Tran VAN NHIEU and IsBERG 1993a).

A second explanation for the need for high-affinity binding by invasin pro-
poses that uptake takes place via the "zipper model" (GriFFIN et al. 1975). This
postulates that internalization takes place by circumferential binding of mamma-
lian cell receptors about the surface of the bacterium. More receptor is required
for internalization than for simple adhesion of the bacterium, as the model
requires a larger surface area of contact for uptake than for adhesion. In addition,
the rate of dissociation of the receptor from the bacterial-encoded ligand must be
rather slow, or else the zipper will fall apart before the internalization process is
completed. As the rate of dissociation of the invasin-af, integrin complex
corresponds to a t,,=20 min, this complex appears sufficiently stable to survive
for the duration of the uptake process.

A final explanation for the need for high-affinity binding assumes the produc-
tion of a signal within the mammalian cell. Receptor-ligand interactions that result
in intracellular signaling events often require multimerization or clustering of
receptors to send the proper signal (MADRENAS et al. 1995; SLOAN-LANCASTER et al.
1995), and invasin could cause such multimerization. If the production of this
signal requires a high receptor density in a relatively small area of the mammalian
cell surface, then high-affinity binding by invasin may be required to cause the
receptor clustering of the proper density. Lower-affinity ligands may not allow a
sufficient density of receptor to send the necessary signal.

7 Invasin Residues that Facilitate High-affinity Binding
to Integrin Receptors

As described above, the region of invasin that exhibits sequence similarity to other
proteins is limited to the amino terminal 700 amino acids. Surprisingly, the cell
adhesion domain shows no extensive similarity to proteins that bind integrins, even
though invasin appears to bind a site that is identical to that bound by other integrin
ligands (Tran VAN NHIEU and IsBerg 1991). Invasin must have important structural
similarities to these other proteins not apparent from the primary sequence.
Invasin derivatives containing regions shorter than 192 amino acids fail to
bind mammalian cells (IsBerG and LeonG 1990; L. SaLtman and R. IsBerG, unpub-
lished data). This indicates that multiple residues that contact receptor are
dispersed throughout the carboxyl terminal, or that the entire cell-binding region
is required to present critical residues. The importance of conformation is
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emphasized by two studies indicating that a disulfide bond within invasin is
required for cellular adhesion, and that the carboxyl terminus of the protein is
extremely sensitive to mutational changes.

Members of the family of proteins related to invasin and the intimins have a
conserved pair of cysteines separated by 72-78 residues located in the extreme
carboxyl terminal 80 amino acids. Evidence in favor of a disulfide bond between
these two cysteines in invasin was obtained by analyzing random mutations that
result in low cell adhesion but retain proper surface localization of invasin (LEONG
and Iseerc 1993). Mutations causing the strongest defects in bacterial uptake
harbored changes at either of the two carboxyl terminal cysteines located at
residues 907 (C907) and 982 (C982), consistent with the presence of a disulfide
bond between these two residues. Hybrid proteins having wild-type sequence
are not alkylated by the sulfhydryl-specific reagent iodoacetic acid unless they
have been previously reduced by dithiothreitol {LeoNG and Issera 1993). Further-
more, partial proteolysis of the protein in the absence of reducing agent yields
degradation products that are linked by disulfide bonds. Finally, mutations in
either of the two cysteines cause hybrid proteins to form covalent dimers that can
be converted to manomers in the presence of reducing agents, indicating that the
single remaining cysteine participates in a disulfide bond that links the hybrid
protein monomers.

Analysis of the extreme carboxy! terminus of invasin indicates either that the
stereochemistry of the disulfide bond is critical for integrin recognition, or that
residues important for cellular adhesion are located very close to one of the two
cysteines. The addition of two amino acids (isoleucine and leucine) to the C-terminal
residue of invasin totally eliminates cellular adhesion without eliminating the
presence of the disulfide bond (IserG et al. 1993). The added residues could cause
amino acids critical for adhesion to be rotated improperly relative to the disulfide
bond, or they could interfere with receptor recognition of important side chains.
Evidence for the latter model was obtained by isolating revertants that restored the
ability to enter mammalian cells to the mutant harboring the added two amino acids.
The revertants fell into two classes: those that inserted a stop codon at the same
site as found in the wild-type gene, or those that inserted a glycine residue at the
site of the wild-type stop codon. The presence of the glycine in the revertants
probably removes interference of substrate recognition by offending side chains.
As the extreme carboxyl terminus is only four residues downstream of the disulfide
bond, the critical residues involved in integrin recognition obstructed by these
mutations may be very close to one of the cysteines.

Further analysis of invasin mutants unable to promote uptake emphasized
that residues critical for integrin recognition surround one of the two cysteines
(LEonG et al. 1995). With the exception of mutations that appear to affect the
disulfide bond or destabilize the protein, all mutations that affect recognition of
integrins are in the vicinity of the C307 residue (LEong et al. 1995). Subsequent
site-directed oligonucleotide mutagenesis revealed that the only absolutely criti-
cal residue in this region appeared to be aspartate-911 (D911). Several residues
near D911 in the primary sequence can be changed to alanine without affecting
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receptor recognition, whereas change of an aspartate to an alanine at this site
(D911A) caused total loss of integrin binding (LEonG et al. 1995). Change of
aspartate-911 to glutamate (D911E) also had profound effects, in spite of the
conservative nature of this amino acid change. Bacteria harboring this mutation
are unable to enter mammalian cells, although the purified invasin derivative
containing the D911E change retained considerable receptor-binding activity
(LEONG et al. 1995). This latter property is consistent with the model that uptake
requires a higher-affinity interaction than does adhesion.

The sensitivity of D911 to conservative mutational changes argues for its
functional similarity to important aspartate residues found in a number of integrin-
binding proteins. In fibronectin, peptides containing the sequence arginine-
glycine-aspartate (RGD) inhibit cellular adhesion, and change of the asp to a giu
eliminates adhesiveness of either fibronectin or the RGD peptide (OBaRa et al.
1988). The sequence containing aspartate 911 in the Y. pseudotuberculosis
invasin protein is dissimilar to RGD, although the analogous sequence in the
Y. enterocolitica protein is RTD (Young et al. 1930). In VCAM-1, the only mutation
that causes total loss of binding to integrin o3, is the aspartate-34 (Osgorn et al.
1994; Renz et al. 1994). Finally, fibrinogen also contains a critical aspartate in the
sequence KQAGD (Ginseere et al. 1992). There is no information regarding the
reason for the importance of an aspartate, although several models hypothesize
that it is important for recognition of a divalent cation known to be required for
integrin adhesion to substrate (LorTtus et al. 1990).

The final class of mutations that affect invasin recognition of receptor have
mild affects and cluster about the residue aspartate-811 (D811; L. Saltman and
R. Isberg, unpublished). They also cause instability of an otherwise wild-type
protein under some circumstances, making their affects rather difficult to analyze.
These important residues also argue for similarity between invasin and other
integrin substrates. Many other integrin substrates have two domains involved in
receptor recognition that are affected by mutational changes positioned approxi-
mately 80-100 amino acids apart on the primary sequence. Fibronectin, ICAM-1,
and VCAM-1 all appear to consist of two immunoglobulin-like domains that have
B-barrel-type structures affected by mutational changes in either domain. Perhaps
these critical residues in invasin define regions of function similar to these other
substrates.

8 Signaling and the Role of the Integrin B,-chain
Cytoplasmic Domain in Bacterial Uptake

Phosphorylated protein intermediates within the mammalian cell are critical for
invasin-promoted uptake. E. coli strains that express the Y. enterocolitica invasin
protein are poorly internalized by cultured cells in the presence of a variety of
tyrosine protein kinase inhibitors (RosensHINE et al. 1992). The inhibitors appear to
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interfere with a step involved in the formation of the phagosome, as bacteria bind
quite efficiently to mammalian cells in the presence of these drugs. A number of
inhibitors show this effect, although the potency of the inhibition is dependent on
the drug of choice. Staurosporine causes the strongest depression in uptake,
perhaps due to lack of specificity of this particular reagent. Genistein and terphostin
also inhibit uptake, although with lowered potency (RosensHINE et al. 1992).

Work on the Yersinia factor YopH supports the conclusion that tyrosine
phosphorylation is important for uptake. As stated previously, YopH is deposited
within the mammalian cell cytoplasm, with the result that bacterial uptake is
inhibited (Rosavist et al. 1989, 1990). The plasmid-borne YopH protein shows
high sequence similarity to mammalian protein tyrosine phosphatases that regu-
late a variety of intracellular signaling events (CLEMENS et al. 1991). Purified YopH
protein also has potent phosphatase activity, and a point mutation in a conserved
cysteine residue that disrupts activity of mammalian phosphatases eliminates
YopH phosphatase activity (BLiska et al. 1991). The point mutation results in
lowered virulence of the microorganism, and bacteria harboring the mutation are
relieved from YopH-dependent inhibition of uptake (BLiska et al. 1991). Taken
together, these results indicate that the inhibition of phagocytosis promoted by
YopH is due to its removal of phosphates from proteins critical for uptake. It is
important to note that the phosphatase activity appears to cause wholesale loss
of phagocytic capability within the mammalian cell, as uptake via F. receptors is
similarly eliminated (Buska and Brack 1995). Presumably, there is a phosphory-
lated intermediate common to a number of phagocytic processes that is the
target of this enzyme. Several phosphorylated proteins have been isolated that
are bound by a YopH catalytic mutant, and among these may be the critical target
protein required for phagocytosis (BLiska et al. 1992).

Signaling events may be required to initiate the critical cytoskeletal changes
necessary for bacterial entry. Evidence has been presented for the fact that actin
is found aggregated about phagosomes formed during invasin-promoted entry
(Young et al. 1992), and it is possible that this phenomenon is a result of signaling
mediated by phosphorylated species. The presence of these actin cages could
involve direct binding of the cytoskeleton to the cytoplasmic domain of the
integrin B, chain, which is able to bind several cytoskeletal components, or result
from interaction of the cytoskeleton with unknown membrane components that
allow nucleation of actin filaments about the nascent phagosome.

There is surprising evidence that reduction in the affinity of the integrin 8, chain
for cytoskeletal components stimulates uptake (TrRan Van NHiEu etal. 1995).
Therefore, tight association of the integrin with the cytoskeleton may interfere with
the ability of the host cell to internalize the microorganism. These results are derived
from studies on mutations located in the integrin B,-chain cytoplasmic domain that
affect the ability of the receptor to participate in large complexes, called focal
adhesions, containing a number of cytoskeletal components (Burribge and FATH
1989). Focal adhesions occur in response to mammalian cell adherence to ECM
components and consist of integrins binding extracellularly to substrate.
Cytoskeletal components such as a-actinin, talin, p125™X, and vinculin accumulate
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at these sites in an array that appears anchored to actin stress fibers (Hynes 1987,
KornBeRG et al. 1991; ScHaLLER et al. 1992). The ability of the integrin to localize in
such complexes is dependent on having an intact integrin B,-chain cytoplasmic
domain, as mutations located in this domain result in random surface localization of
the receptor. Such mutants are deemed defective in interacting with cytoskeletal
components. Point mutations that cause defects in focal adhesion formation are
uniformly more efficient at promoting uptake than the wild-type receptor. This
indicates that tight binding of the receptor to the cytoskeleton may immobilize the
receptor and prevent it from clustering about the bacterium.

Mutations in the cytoplasmic domain of the integrin B,chain that result in
defective bacterial internalization are located within the tetrapeptide sequence
NPKY. This sequence conforms to the NPXY sequence found in a number of
receptors that undergo clathrin-dependent receptor-mediated endocytosis. Mu-
tations in this sequence in the LDL receptor result in an inability to associate with
clathrin coats and an inability to be internalized after binding ligand (CHen et al.
1990). Clathrin and other endocytic factors may play a central role in integrin-
mediated bacterial internalization. Large sheets of clathrin and the coat-associ-
ated protein AP-2 are readily found about the phagosomal surface during uptake,
giving circumstantial support for their role in uptake. Antibody directed against
clathrin or AP-2 loaded into mammalian cells also inhibit invasin-promoted uptake,
indicating that these proteins probably play an important functional role in uptake
(TrRan VAN NHIEU et al. 1995).

9 Animal Infection Models and Factors
Associated with Cellular Uptake

As stated previously, pathogenic Yersinia species appear to maintain an extra-
cellular niche deep within tissue sites, although intracellular bacteria are readily
detected shortly after oral infection. Wolf-Watz and co-workers questioned
whether factors responsible for bacterial uptake play a role in the establishment
of infection in any tissue site, based on their analysis of Y. pseudotuberculosis inv
mutants in an animal infection model (RosavisT et al. 1988b). They found that the
50% lethal dose (LD of Y. pseudotuberculosis was unaffected by an insertion
mutation in the inv gene, although mean time for death of the animals was
delayed for the inv mutant after oral inoculation. The nature of this delay was not
analyzed. Strangely, an inv yadA double mutant was more virulent than the wild-
type strain, as the presence of these mutations resulted in a decrease in the LD,
by 2 orders of magnitude. As these two proteins are apparently nonfunctional in
the closely related and more highly virulent Y. pestis species, the authors
hypothesized that the presence of these two proteins is the reason why
Y. pseudotuberculosis is a rather attenuated organism (Rosavist et al. 1988b).
The hypervirulence of the double mutant is not supported by results from
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Y. enterocolitica. Mutations inyadA in this bacterium result in decreased virulence
(J. Pepe and V. MILLER, personal communication). As death is not the usual course
of enteropathogenic Yersinia disease in human beings, but rather colonization of
regional lymph nodes, LD, measurements may not provide insight into the role of
entry factors in disease.

Miller and co-workers performed a detailed analysis of colonization by
Y. enterocolitica inv mutants (Pere and MiLter 1993). As reported for
Y. pseudotuberculosis, inv mutants had no affect on the LD, of Balb/c mice.
Localization in regional nodes by an inv insertion mutant, however, was pro-
foundly affected; 24 h after initial oral infection, wild-type Y. enterocolitica strains
showed heavy colonization of the Peyer's patches and mesenteric lymph nodes,
with colonization 3-7 orders of magnitude higher than that found with the inv
mutant. In spite of this fact, colonization of the liver and spleen by the inv mutant
occurs with kinetics that are similar to those of the wild-type strain, which is
apparently why the mutation has little affect on the LD,,. Data from Simonet are
supportive of these results (SiMoNeT and FaLkow 1994). Mice that were immunized
with vaccine strains of S. typhimurium harboring the Y. pseudotuberculosis inv
gene produced antibody that apparently blocked function of invasin. On subse-
guent challenge with virulent Y. pseudotuberculosis, colonization of regional
lymph nodes was inhibited in the immunized mice. Expression of invasin appears
to be required for efficient rapid localization in regional lymph nodes, the usual site
of colonization in a human infection. Furthermore, the fact that inv mutants were
able to penetrate into deep tissues without rapid localization into regional lymph
nodes indicates that there exists a second invasin-independent pathway respon-
sible for translocation across the intestinal mucosa. As localized damage to the
intestinal epithelial layer is possible, perhaps microdamage in the intestine
provides a portal of entry for the inv mutants.

10 Conclusions and Future Prospects

A number of important lessons have been learned from studies on Yersinia entry.
This paradigm emphasizes the fact that a bacterial pathogen can have multiple
strategies for promoting internalization into mammalian cells, and it would not be
surprising if other pathogens had this property. Even more striking is the fact that
although invasin is required for efficient translocation from the lumen of the
intestine into the Peyer's patch, there appears to be an alternate way for the
microorganism to penetrate the intestinal mucosal in the absence of invasin. The
route of transit that allows the microorganism to appear in the liver and spleen
afterinitial ingestion is somewhat mysterious, however, as there is little evidence
of colonization in intermediate sites between the intestine and deeper tissues.
This result has some parallels with Salmonella typhimurium mutants defective for
uptake into cultured cells. Such mutants are lowered for their LD, in mouse
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infection models, but they still kill mice at doses similar to those seen with wild-
type Y. enterocolitica (GaLan and CurTiss 1989). Presumably, these mutants also
have an alternate strategy for translocation across the intestinal epithelium.

Invasin is an important example of a bacterial ligand able to bind mammalian
integrin receptors. A number of bacterial, viral, and fungal pathogens encode
ligands that allow adhesion to integrins (Iseere and Tran VaN NHieu 1994b). Many
of these pathogens, such as adenovirus (WickHam et al. 1993) and the
enteropathogenic Yersinia, are internalized into the epithelium, in spite of the
fact that integrin receptors are presumably localized on the basal end of target
cells not readily accessible to the microorganisms (Hynes 1992; RuosLAHTI and
PierscHBACHER 1987). The apparent explanation for this phenomenon, at least in
the example of invasin binding, is that the vast majority of cells in the epithelium
do not bind the microorganism. Rather, a subset of cells act as targets for binding
and subsequent translocation of the microorganism (Grutzkau at al. 1990). These
cells are M cells, and they apparently have integrin receptors promiscuously
distributed about their surface (A. Marra and R. IsBerG, unpublished data). This
affords sites of translocation for microorganisms bearing integrin ligands, or
portals that allow spread of viruses laterally through the epithelium after initially
entering a subset of cells.

The high-affinity model for invasin-promoted uptake also has parallels in other
systems which may provide insight into the mechanism of phagocytosis. The
ability of T cells to respond to presentation of antigen by major histocompatibility
complex (MHC) molecules also appears to be controlled by affinity. The ability of
T cells to respond to peptides associated with MHC molecules on antigen-
presenting cells appears to be dependent upon the affinity of the T-cell receptor
for the peptide antigen {MaDRENAs et al. 1995). Peptides that have the highest
affinity for the T-cell receptor cause clustering of receptor and efficient intra-
cellular signaling. Peptides of lower affinity are able to ligate T-cell receptors but are
unable to stimulate signaling within T cells. This is quite similar to the contrast
between high-affinity ligands for integrins that promote bacterial uptake and low-
affinity ligands that are limited to extracellular adhesion, which may be explained
by different abilities to send the appropriate signals for internalization. Identifica-
tion of the cytosolic machinery that is sensitive to this signaling and determination
of how these signals are transduced will be major challenges in the future.
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1 Introduction

Bacillary dysentery, or shigellosis, is caused by penetration of Shigella spp into
the intestinal mucosa of the colon, where degeneration of the epithelium and a
strong inflammatory reaction indicate sites of infection (LABRec et al. 1964).
Clinical signs of shigellosis range from mild diarrhea to severe dysentery with
blood, mucus, and pus in the stool. Epidemiological studies indicate that SHIGELLA
are transmitted by the fecal-oral route and sometimes by contaminated food
(WHaRTON et al. 1990). Shigella are highly infectious organisms for human beings,
since only a few hundred bacteria administrated orally caused disease in 50% of
volunteers (DuPonT et al. 1989).

Unité de Pathogénie Microbienne Moléculaire, Unité INSEM 389, Département de Bactériologie et de
Mycologie, Institut Pasteur, 25 rue du Dr Roux, 75724 Paris Cedex 15, France



26 C. Parsot and P.J. Sansonetti

The genus Shigella is divided into four species, S. boydii, S. dysenteriae,
S. flexneri, and S. sonnei. The cellular biology and genetics of entry and intercel-
lular dissemination have been investigated using mainly S. flexneri, but most
conclusions derived from these studies probably apply to other Shigella species,
as well as to enteroinvasive Escherichia coli (EIEC) that cause a dysentery-like
syndrome similar to shigellosis (DuPonT et al. 1971). Most of our knowledge
about the pathogenesis of the disease is derived from studies using experimen-
tally infected monkeys (TakeucHy et al. 1968). Injection of bacteria into rabbit
ligated ileal loop, which elicits fluid accumulation and mucosal destruction (GoTs
etal. 1974), and infection of the corneal epithelium of guinea pigs, which
provokes keratoconjunctivitis (Sereny 1957), are also used to assess Shigella
virulence.

The various aspects of Shigella pathogenicity have recently been reviewed
(HALE 19971; SansoneTTI 1991; Parsot 1994; see also SANSONETTI 1992). The current
review will focus on the genetics and biology of entry and intercellular dissemina-
tion, as they have been studied on epithelial cells in vitro, and on recent data on
the mechanism of invasion in vivo. Moreover, without underestimating the
importance of chromosomal genes with respect to the invasion ability of Shigella
(SansoNeTTI et al. 1983b; Oxkamura et al. 1983; Okaba et al. 1991a,b; BERNARDINI
et al. 1993), we shall focus the discussion of the genetics of entry and dissemi-
nation on genes which are carried by the virulence plasmid.

Infection of polarized cells which were differentiated from the human colonic
epithelial cell line Caco-2 indicated that S. flexneri enters through the basolateral
pole rather than the apical pole of epithelial cells (MouNiEr et al. 1992). In vitro,
infection of epithelial cells by Shigellais a multistep process involving (a) adhesion
of bacteria to the cell, (b) entry by induced endocytosis, (c) escape from the
endosome, which completes the process of entry, (d) intracellular multiplication,
(e) polymerization of actin filaments and reorganization of these filaments at one
pole of the dividing bacteria to generate a movement leading to the formation of
protrusions, and (f) lysis of the two cellular membranes surrounding bacteria once
protrusions have entered into adjacent cells, which completes the process of
intercellular dissemination (Fig. 1).

2 Entry into Epithelial Cells

2.1 Biology of Entry

Since Shigellainvade epithelial and nonepithelial cells in vitro (Gerser and VWATKINS
1961; LaBrec etal. 1964), the entry process has been studied mainly with
cultured cell lines. Following adhesion to the cell, a step that is quite elusive in the
case of Shigella, bacteria are internalized by epithelial cells in a process similar to
phagocytosis, in that it requires actin polymerization and myosin accumulation at
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Fig. 1. Entry and dissemination of Shigella in epithelial cells in vitro

the site of entry (Hate etal. 1979; CLerc and SansonetTi 1987). Within a few
minutes after entry, Shigella lyse the endosome membrane and gain access to
the cytoplasm of the cell, where they multiply with a generation time of about 40
min (SANSONETTI et al. 1986). Invasion by S. flexneri of a murine macrophage cell
line, J774, resulted in a rapid killing of the host cell (SANSONETTI and MouNIER 1987).
Wild-type Shigella induced apoptosis, i.e., programmed cell death, in infected
macrophages, both J774 and mouse peritoneal macrophages (ZycHLINSKY et al.
1992).

Recent work has led to a better characterization of the cellular basis of
Shigella entry. Like Salmonella, Shigella do not follow the paradigm of Yersinia
pseudotuberculosis invasion, in which the microorganism enters epithelial cells
by establishing sequencial high-affinity ligand-receptor interactions; in this case,
the surface-expressed invasin binds to host-cell 1 integrins and promotes entry
through a "zippering-like process" (Isserc and Leong 1990). Shigellaand Saimonella
appear to enter via a process of macropinocytosis; upon contact of bacteria with
the epithelial cell surface, massive rearrangements of the cytoskeleton are
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induced which cause localized membrane ruffles, achieving bacterial uptake
(Francis et al. 1993; Apbam et al. 1995). These cytoskeletal rearrangements are
characterized by induction or recruitment of numerous actin nucleation foci on the
inner face of the cytoplasmic membrane, at the site of interaction between
bacterial and cell surfaces (Abam et al. 1995).

Little is currently known concerning the cellular signals inducing this early
process. However, recent evidence indicates that the protooncogene pp60°*© is
recruited and activated at the entry site, thus leading, among other phenotypes,
to tyrosine-phosphorylation of cortactin, a major substrate for c-src (DeHio et al.
1995). Cortactin, a 80-kD actin-binding protein (Wu et al. 1991; Wu and Parsons
1993), might play a role in cytoskeletal rearrangements at this early stage. Future
work will address the interaction that occurs between the Shigella invasion
proteins (see below) and activation of the protooncogene. Ongoing experiments
also indicate that elongation of actin filaments from the nucleation foci occurs
underneath the cytoplasmic membrane and is under the control of the small
GTPase rho (Apam et al. submitted). Actin filaments then become tightly bundled
by plastin (human fimbrin), a 80-kD actin-binding protein (BrRetscHER 1981) which
appears essential to cross-link and stabilize cytoskeletal projections that form the
membrane bundles (Abam et al. 1995).

We are still a long way from understanding the signalization pathways leading
to Shigella entry into cells; however, some keystones have been recognized that
should facilitate future progress. So far, the signals identified for Shigella appear
different from those identified during Salmonella entry. Unlike what has been
shown for S. typhimurium (Galan et al. 1992b), there is no obvious tyrosine
phosphorylation of the EGF receptor and no calcium flux upon entry of Shigella
(CLerc et al. 1989). Finally, ruffle induction and bacterial entry appear to be rho
independant for S. typhimurium (Jones et al. 1993), but not for Shigella (Abam
etal. submitted).

2.2 Genetics of Entry

Evidence for an essential role of a plasmid in entry came from the observation that
a plasmid of about 200 kb was present in invasive isolates of Shigella and EIEC,
and that deletions within or loss of this plasmid abolished entry (SansoneTTI et al.
1981, 1982, 1983a; Harris et al. 1982). Moreover, mobilization of the large
plasmid from S. flexneri to E. coli K12 gave rise to a strain which was able to
enter Hela cells (SansoneTTi et al. 1983b). The Ipa (invasion plasmid antigen)
proteins (A, 71 kD; B, 62 kD; C, 42 kD; D, 39 kD) were the first virulence plasmid-
encoded proteins to be identified (HALE et al. 1985; Oaks et al. 1986; Buyssk et al.
1987). Cloning into a cosmid and transposon mutagenesis were then used to
identify entry genes (MAURELLI et al. 1985; Sasakawa et al., 1986, 1988; Kato et al.
1989).

The nucleotide sequence of the 30.5-kb region that is necessary and appar-
ently sufficient for entry of Shigella into epithelial cells has now been determined
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(ADLER et al. 1989; ALLaoul et al. 1992a,b, 1993a,b, 1995, and unpublished data;
ANDREWS and MAURELLI 1992; BaupRy et al. 1988; Buysse et al. 1990; Sasakawa et al.
1989, 1993; VENKATESAN et al. 1988, 1992; VENkaTESAN and Buysse 1991). In addition
to the gene for a transcriptional activator (virB, see below), the entry region
contains 33 genes clustered in two loci which are transcribed in opposite
orientation (Fig. 2). One locus encodes secretory proteins, the Ipa proteins, and
their molecular chaperone, lpgC, and the other locus encodes a specialized
secretion apparatus, the Mxi-Spa translocon.

2.2.1 The Mxi-Spa Translocon

Secretion of IpaB and IpaC into the culture medium was demonstrated by
ANDREWS et al. (1991), and analysis of concentrated culture supernatant fluids by
SDS-PAGE and Coomassie blue staining indicated that wild-type S. flexneri se-
cretes about ten polypeptides into the growth medium (ALLaour et al. 1992b). In
addition to IpaB and IpaC, IpaA and IpaD have been detected in the culture
medium (MEeNaRrD et al. 1993, 1994a,b). Characterization of the phenotype of non-
invasive mutants obtained after transposon mutagenesis or constructed by allelic
replacement led to the identification of a locus whose products are required for
surface presentation and secretion of Ipa antigens (ANDREWS et al. 1991; ALLAOUI
et al. 1992b, 1993a, 1995; VEnkaTESAN et al. 1992; Sasakawa et al. 1993). This locus
contains two adjacent operons clustering about 20 mxi (membrane excretion of
Ipa) and spa (surface presentation of invasion plasmid antigens) genes (Fig. 2).
Since Ipa proteins are necessary for entry (see below), the noninvasive phenotype
of mxi and spa mutants is most likely a consequence of their secretion defect.
Homologues of more than ten Mxiand Spa proteins are required for secretion
of Yop proteins by Yersinia (MicHIELS et al. 1991; ALLaoul et al. 1994; BErGMAN et al.
1994, Fiewps et al. 1994; WoesTyN et al. 1994) and for cell invasion by Salmonella
(GALan et al. 1992a; GinoccHio et al. 1992; GroismaN and OcHMaN 1993; EICHELBERG
et al. 1994). In addition, similar proteins have been found in several plant patho-
gens, leading to the proposal that these related proteins are components of a Sec-
independent secretion pathway, which was designated the type-lll secretion
pathway (reviewed by Van GlUSEGem et al. 1993). '
Little is known about the localization of Mxi and Spa proteins. MxiJ and
MxiM are lipoproteins and might be anchored to the outer membrane by their
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Fig. 2. Genetic organization of entry region
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terminal lipid moiety (ALLaour et al. 1992b). MxiA has been detected in the inner
membrane and might contain a N-terminal domain composed of six trans-
membrane segments and a cytoplasmic C-terminal domain (ANDREWS et al. 1991;
Anprews and MaureLLl 1992). The presence of hydrophobic regions in Spa9,
Spa1b, Spa24, Spa29, and Spad0 suggests that these proteins might also be
located in the inner membrane (VENKaTESAN et al. 1992; Sasakawa et al. 1993).
MxiD was tentatively localized in the outer membrane (ALLaoui et al. 1993b), and
MxiG was shown to be associated to both the inner and outer membranes
(ALLaoul et al. 1995).

2.2.2 The Ipa Invasins

The role of the ipa operon (Fig. 2) in entry was first investigated using trans-
poson insertion mutants constructed on the virulence plasmid (MauRreLLl et al.
1985; Sasakawa et al. 1986; WaTaNABe et al. 1990). Then, each of the ipaB, ipaC,
and ipaD genes carried by the virulence plasmid was inactivated by allelic
replacement with a gene mutagenized in vitro by insertion of a non-polar
cassette (HigH etal. 1992; MEeEnarD etal. 1993). The ipaB, ipaC, and ipaD
mutants were unable to induce actin polymerization at the site of attachment of
bacteria to the cellular membrane and were therefore unable to enter. Since ipa
mutants are defective in entry but not in secretion of the remaining Ipa proteins,
which differentiates them from mxi and spa mutants, IpaB, IpaC, and IpaD
appear as potential effectors of Shigella entry into epithelial cells (MEnarD et al.
1993). Moreover, when internalized by macrophages, ipa mutants remain
trapped in the phagosome and are not cytotoxic (ZycHuinsky et al. 1994b). This
suggests that Ipa proteins are also involved in lysis of the endosome membrane
upon entry into epithelial cells.

A complex containing IpaB, IpaC, and probably IpaA has been detected in the
extracellular milieu of Shigella (MenarD et al. 1994b). This complex is likely to play
a role in entry, since the Ipa proteins are not present at the bacterial surface.
Within the cytoplasm, IpaB and IpaC are each associated to a molecular chaper-
one, IpgC, which is encoded by the gene located immmediately upstream from
ipaB (Fig. 2) (MENARD et al. 1994b). IpgC is necessary to stabilize IpaB and to
prevent its association to IpaC. The rationale for the requirement of partitioning
IpaB and IpaC in the cytoplasm might be that production and secretion of Ipa
proteins are uncoupled. Indeed, although the ability to secrete the Ipa proteins is
essential for entry, only a small fraction (about 10%) of these proteins are actually
secreted by Shigella growing in laboratory media. It has recently been shown that
secretion of IpaB and IpaC which had been accumulated in the cytoplasm of
in vitro grown bacteria was induced upon contact of Shigella with epithelial cells
(MenarD et al. 1994a).

Insight into the mechanism by which Ipa secretion is prevented during
growth in vitro was obtained from characterization of ijpaB and ipaD mutants,
which were found to release all the remaining Ipas into the medium (MENARD et al.
1994a). A small fraction of IpaB and IpaD is associated to the membrane, perhaps
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with (or within) the secretion apparatus. Moreover, ipaB and ipaD mutations also
lead to enhanced secretion of a set of about 15 proteins, some of which are hardly
detectable in the growth medium of the wild-type strain (ParsoT et al. 1995).
Therefore, initial characterization of proteins secreted by Shigella during exponen-
tial growth in vitro, a condition which is now known to inhibit the activity of the
Mxi-Spa secretion apparatus, has underestimated the number of Shigella secre-
tory proteins. Although likely, induced secretion of these proteins upon contact of
bacteria with epithelial cells and their involvement in pathogenicity remain to be
ascertained.

2.2.3 Transcriptional Regulation

Expression of the ipa, mxi, and spa operons is controlled by a regulatory cascade
involving two transcriptional activators, VirB and VirF, which are encoded by the
large plasmid, and the product of a chromosomal gene, virR. Transposon
insertions in virB (ipaR, invE), which is located immediately downstream from
the ipa operon (Fig. 2), abolish transcription of the ipa, mxi, and spa operons
(MaURELLI et al. 1985; Sasakawa et al. 1988; ADLeEr et al. 1989; Buvsse et al.
1990; WatanABE et al. 1990). Expression of virB is positively regulated by virf,
which is located away from the entry region and encodes a transcriptional
activator of the AraC family (Sakal et al. 1986a,b 1988; ApLer et al. 1989; ToBe
etal. 1991, 1993).

Entry of Shigella is regulated by the growth temperature; strains are invasive
when grown at 37°C and noninvasive when grown at 30°C (MAURELLI et al. 1984).
The virR gene was identified following Tn70 mutagenesis of a S. flexneri strain
carrying a transcriptional mxi-lacZY fusion and selection for a Lac* phenotype at
30°C {MauRreLLI and SANSONETTI 1988). Transduction of the virR: Tn70 mutation to
wild-type Shigella resulted in a strain that was invasive at both 30°C and 37°C,
confirming that virR is involved in the temperature-regulated expression of the
invasion phenotype. The virR mutation is allelic to osmZ, drdX, bglY, and pilG
mutations identified in E. coli {DormaN et al. 1990; GoranssoN et al. 1990; HuLToN
etal. 1990; May et al. 1990). The corresponding wild-type gene encodes the
histone-like protein H1 (H-NS), which might be responsible for local changes in
DNA supercoiling leading to extinction of gene expression under certain growth
conditions.

In addition to temperature, osmolarity modulates invasion gene expression.
In E. coli, envZ and ompR encode a two-component regulatory system that
controls transcription of ompF and ompC in response to change in osmolarity of
the growth medium (Comeau et al. 1985). Expression of an mxklac transcriptional
fusion was enhanced in high-osmolarity conditions and reduced in envZ and
A(ompR-envZ) mutants. Transduction of these mutations to wild-type Shigella
gave rise to mutants that were less invasive than the wild-type strain (BERNARDINI
etal. 1990).



32 C. Parsot and P.J. Sansonetti

3 Intra- and Intercellular Dissemination

3.1 Biology of Intracellular Movement

While extracellular Shigella are nonmotile, intracellular bacteria move to occupy
the entire cytoplasm of infected cells and to spread from cell to cell. Two
apparently independent movements have been described in different cell lines.

3.1.1 The lcs Movement

The initial observation that Shigella move within the cytoplasm of infected cells
came from phase-contrast microcinematography studies; movement of bacteria
was random and sometimes led to formation of structures protruding from the
cell surface and containing bacteria at their tip (Ocawa et al. 1968). Ultrastructural
analysis of these protrusions indicated that they have a diameter of about 0.5 um
and a length of up to 20 um (Kaburucamuwa et al. 1991; PrevosT et al. 1992;
SaNSONETTI et al. 1994). Bacteria in these protrusions are located at the top of
tightly packed actin filaments which, in some instances, appear to form a cylinder.
Pictures showing a protrusion extending from one cell and penetrating into the
adjacent cell indicated that these protrusions can allow passage of Shigella from
cell to cell without release of bacteria into the extracellular medium. Genetic
studies (see below) confirmed the importance of this movement, designated Ics
{intra- and intercellular spread), in the dissemination of bacteria from the primary
infected cell to adjacent cells.

The Ics movement is inhibited by treatment with cytochalasin D that prevents
polymerization of monomeric actin (G-actin) into filaments (PaL et al. 1989;
BernarDINt et al. 1989). In addition to actin, several cellular proteins such as
vinculin and plastin, but not myosin, are associated with the polymerized struc-
ture that trails behind the intracellular bacteria (Kaburucamuwa et al. 1991; PrRevosTt
et al. 1992). Using a cell line which does not produce cell adhesion molecules
(CAM) and transfectants expressing either L-CAM or N-cadherin, it was shown
that CAMs are required for cell-to-cell spread of Shigella (SANSONETTI et al. 1994).
Cadherin was important for both the structural organization of the protrusion and
the internalization of a protrusion by an adjacent cell. Moreover, L-CAM, a actinin,
vinculin, and o- and B-catenins are associated with protrusions that initiate at
intermediate junctions.

3.1.2 The Olm Movement

In chicken embryo fibroblasts, which have a highly organized cytoskeleton,
intracellular bacteria interact with and progress along stress fibers, a movement
that was designated Olm (organelle-like movement) (VasseLoN et al. 1991). Move-
ment of bacteria along the actin filament ring of the perijunctional area has also
been observed in infected Caco-2 cells (VasseLON et al. 1992).
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3.2 Genetics of Intercellular Dissemination

Dissemination of bacteria from cell to cell without release into the extracellular
medium is reflected by formation of plagues on a confluent cell monolayer (Oaks
etal. 1985), a phenotype which has been very useful in the identification of
bacterial genes involved in this process.

3.2.1 Intracellular Movement

Transposon insertions in virG, which is located away from the entry region on the
virulence plasmid pMYSH6000 of S. flexneri 2a, do not affect entry but abolish
cell-to-cell spread (Makino et al. 1986; LetT et al. 1989). A similar gene, desig-
nated icsA, has been characterized on the virulence plasmid pWR100 of
S. flexneri 5; the icsA mutant is unable to elicit actin polymerization at the poles
of bacteria and to induce formation of protrusions {Bernaroini et al. 1989). The
icsA (virG) gene, whose expression is regulated by VirF {Sakal et al. 1988; AbLER
etal. 1989), encodes a 130-kD outer membrane protein (Letr etal. 1989;
BernaArDINI et al. 1989; p'HauTeviLLE and SansoneTTi 1992). The purified protein
bound and hydrolyzed ATP, which suggests that ATP hydrolysis might be involved
in bacterial movement (GoLoBerG et al. 1993). In bacteria grown in vitro, IcsA is
located at the distal poles of dividing bacteria, a distribution which was also
observed in intracellular bacteria after infection of Hela cells (GoLpBeRG et al.
1993). This unipolar distribution of IcsA correlates with the unipolar reorganization
of F-actin seen on the surface of dividing bacteria at the onset of the Ics movement
(PrevosT et al. 1992).

About 50% of IcsA is released into the culture medium as a 95-kD species
(GoLpBera et al. 1993). The secreted protein is cleaved after residue Ala-52. The
difference in size between the 95-kD secreted protein and the 130-kD gene
product suggested that a second cleavage occurs in the C-terminal portion of the
precursor, and a polypeptide of 37-kD corresponding to the C-terminal part of IcsA
was indeed detected in whole-cell extracts (Nakata et al. 1992, 1993). Cleavage
of the C-terminal portion of the precursor prior to release of the mature protein into
the culture medium is reminiscent of the secretion mechanism of Neisseria
gonorrhoeae IgA1 protease (PoHLNER et al. 1987). Mutations in virK, which is also
located on the virulence plasmid, decrease the amount of the cell-associated
130-kD IcsA protein, but not that of the 37-kD C-terminal fragment (NakaTa et al.
1992).

3.2.2 Cell-to-Cell Spread

Due to their inability to induce actin polymerization and the formation of protru-
sions, icsA (and virkK) mutants are defective in intracellular movement and
therefore in intercellular dissemination. Recently acquired data point to genes
whose inactivation does not abolish the intracellular movement but affects
subsequent steps in cell-to-cell spread.
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The mxiG gene (Fig. 2) is required for Ipa secretion and therefore for entry.
Complementation of an mxiG null mutant by a plasmid carrying a wild-type copy
of mxiG restored |pa secretion, entry into Hela cells, and intercellular dissemina-
tion. The complementing plasmid has been subjected to site-directed muta-
genesis which led to the characterization of an mxiG allele (mxiG*) that
complemented the mxiG null mutant for entry but not for cell-to-cell spread
{ALLaoul et al. 1995). This suggests that MxiG and possibly proteins secreted by
the Mxi-Spa translocon are required not only for entry but also for intercellular
dissemination.

Once a protrusion extending from an infected cell is engulfed by an adjacent
cell, bacteria within this protrusion are surrounded by two cellular membranes,
that of the protrusion itself and that of the cell into which the protrusion enters
(Fig. 1). Lysis of these two membranes allows bacteria to gain access to the
cytoplasm of the newly infected cell, thereby completing the process of intercel-
lular dissemination. Inactivation of icsB, which is located in the entry region
(Fig. 2), gave rise to a strain that did not spread from cell to cell although it was
able to induce the formation of protrusions (ALLaoul et al. 1992a). The icsB mutant
remained trapped in vacuoles surrounded by the two membranes. The fact that
the icsB mutant was able to lyse the endosome membrane during entry indicates
that different membranolytic activities are required for escape from the endo-
some and from the protrusion.

4 Tissue Invasion

4.1 Portal of Entry

S. flexneri enters polarized cells through their basolateral pole rather than their
apical pole (Mounier et al. 1992). This observation raises the question of the
access of Shigella to the basolateral pole of enterocytes in the mucosa. The
definition of the site of entry of Shigellais of importance, particularly considering
that mucosal destruction and presumably invasion occur only in the colon. Using
the rabbit intestinal loop model, WasseF et al. (1989) showed that both invasive
and noninvasive Shigella were phagocytosed by M cells over lymphoid follicles of
Peyer's patches. The invasive strain appeared to escape from the phagocytic
vacuole and replicate intracellularly. The M cell may thus serve as a preferential
site of entry for Shigella, from which bacteria could either disseminate to adjacent
enterocytes by expressing the Ics phenotype or, following transcytosis through or
lysis of M cells, invade enterocytes by their basolateral pole. This concept is
supported by the observation that small nodular abscesses induced by the icsA
mutant in macaque monkeys were located over lymphoid follicles (SANSONETTI
etal. 1991). Since the icsA is unable to spread from cell to cell, sites of tiny
ulcerations should correspond to sites of entry into the epithelium.
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4.2 Invasion and Inflamation

Recent data indicate that intestinal inflammation, in addition to causing destruc-
tion of intestinal tissues as a consequence of Shigella invasion, may also account
for epithelial and mucosal invasion. Infection of resident macrophages present in
the dome of the lymphoid structures associated with the mucosa may be
responsible for early inflammation. In vitro, macrophages pretreated by LPS,
thus mimicking a situation which is likely to prevail in follicular domes, and
subsequently infected with invasive S. flexneri initiate a cell death program
(ZvcHuinsky et al. 1992) and, before apoptosis occurs, release massive amounts
of mature IL-1B (ZvcHuinsky et al. 1994a). This may represent an early signal
causing a local cascade of release of cytokines (i.e., TNFa) and chemokines (i.e.,
IL-8) which recruit polymorphonuclear (PMN) leukocytes in the follicular and
parafollicular area. The possible role of early inflammation in destabilizing the
intestinal epithelium and facilitating enterocyte invasion has been confirmed
in vitro (Peroomo et al. 1994b). Apical S. flexneri was shown to attract and
induce migration of basal PMN through a confluent monolayer of human colonic
T-84 cells by a CR3-dependent process. This transmigration appeared to be
necessary for bacteria to enter into the monolayer and invade T-84 cells through
their basolateral pole. Two recent series of experiments carried out in vivo in the
rabbit ligated loop assay confirm this model. Prior to infection, treatment of
animals with an anti-CD18 monoclonal antibody that neutralizes immigration of
PMN leukocytes into tissues not only controlled inflammation, but also de-
creased epithelial invasion (PErbomo et al. 1994a). In addition, treatment of
animals with IL-Tra (Arenp 1993) during infection also significantly decreased
inflammation and tissue invasion (SANSONETTI et al. submitted).

Shigellosis appears to be similar in its pathogenesis to certain forms of acute
inflammatory bowel diseases (MaTHAN and MATHAN 1986), particularly ulcerative
colitis, where IL-1 seems to play a critical role (SarTor 1991). Recent immuno-
histochemical analysis of rectal biopsies taken from patients with shigellosis has
shown, in tissue samples characterized by severe inflammation, a predominance
of such IL-1-producing cells as mononuclear cells, PMN leukocytes, and endo-
thelial cells (Raauis et al. 1995). Invasion of lymphoid follicles is likely to be the
trigger of this inflammatory process, which then subverts the epithelial architec-
ture, thereby causing extensive invasion of the intestine.

5 Conclusion

Invasion of a cell monolayer by Shigella involves numerous interactions between
the bacterium and the host cell (Fig. 1). A systematic genetic analysis of the
virulence plasmid, together with the localization of most virulence factors which
have been identified so far, suggests the following model for the cascade of
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events which leads to the delivery of Shigella invasins onto the epithelial cell
surface and to dissemination of intracellular bacteria from cell to cell.

In bacteria growing in vitro at 37°C, binding of VirF on the virB promoter
induces virB expression, which allows the VirB protein to activate the ipa, mxi, and
spa promoters. Expression of the mxi and spa operons leads to assembly of the
Mxi-Spa translocon, albeit in an inactive form. Under these conditions, expression
of the ipa operon leads to accumulation of Ipa proteins in the cytoplasm, where
IpaB and IpaC are each associated to a molecular chaperone, IpgC, which
prevents their premature association. In addition, a small fraction of IpaB and IpaD
is present in the membrane and acts as a cork for the translocon. Contact of
Shigella with the cell surface activates the translocon, which results in secretion
of presynthesized Ipa proteins. IpaB, IpaC, and IpaA associate in the extracellular
milieu, and the Ipa complex would interact with the cellular membrane to induce
a cascade of cellular signalization which ultimately leads to internalization of the
bacterium. The Ipa proteins appear to also be required for escape from the
endosome. Bacterial multiplication within the cellular cytoplasm allows the
unipolar distribution of surface-bound IcsA, which recruits some actin nucleator(s)
or bundling protein(s) and allows the formation of protrusions. Cellular adhesion
molecules are required not only for proper structure of protrusions but also for
internalization of protrusions by adjacent cells, which suggests that protrusions
might be actively endocytosed during intercellular spread. The nature of bacterial
components that could be involved in this other type of induced phagocytosis
remains to be determined. Although characterization of mxi, spa, and ipa genes
has hitherto focused on their role in entry, some of these genes might be also
involved in intercellular dissemination.

However, this "phenotypic cassette" needs to be considered in the perspec-
tive of the in vivo situation, in which all components of the infectious process
including nonspecific immune defenses of the host are present. This approach
requires permanent movement between cell assay systems and animal models
of infection, as well as attempts at reconstituting limited compartments of the
intestinal barrier by mixing in vitro some of its key-cell constituents, thus allowing
the isolation and study of specific signals leading to subversion of the structure.
So far, three major points emerge from the combination of these studies: the key
role of M cells—present in the follicular-associated dome of rectal and colonic
mucosal lymphoid structures-in allowing crossing of the epithelial barrier by the
pathogen; the importance of the inflammatory reaction elicited early in these
structures and beyond in disturbing the integrity of the epithelial barrier, thus
increasing access of the bacteria to epithelial cells; the essential role of the invasive
phenotype that has been described in vitro which allows efficient invasion and
colonization of the epithelial lining. Synergy between invasion, intracellular coloniza-
tion, and inflammation is likely to account for a disease which appears to combine
the classical elements of an infection with striking aspects of inflammatory bowel
diseases (IBD) such as ulcerative colitis. These elements are summarized in Fig. 3.
How much the understanding of the pathogenesis of shigellosis will profit from
studies on IBD and vice versa will be seen in the near future.
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Fig. 3. Current simplified view of the pathogenesis of shigellosis. Entry of the pathogen via M cells,
apoptotic kiling of macrophages, elicitation of inflammatory reaction, transmigration of in situ-
attracted polymorphonuclear leukocytes through the epithelial lining, and facilitation of bacterial
access to basolateral pole of epithelial cells, entry, and cell-to-cell spread of bacteria
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1 Introduction

Salmonella spp. are facultative intracellular pathogens capable of causing disease
in a great variety of animal species, including human beings (Hook 1990). Some
Salmonella serotypes are highly adapted to a specific host (e.g., S. typhi and
S. gallinarum can infect only human beings and poultry, respectively) or preferen-
tially infect one species (e.g., S. choleraesuis and S. dublin preferentially infect
swine and cattle, respectively). In contrast, other serotypes can infect a broad
range of hosts {(e.g., S. enteritidis). The molecular bases for host adaptation are
poorly understood. The type of disease caused by these microorganisms de-
pends not only on the Salmonelia serotype but also on the species and immuno-
logical status of the infected host. In human beings, the clinical manifestations of
salmonellosis range from severe systemic infection to mild gastroenteritis. A
common feature of the pathogenesis of all Salmonellae is their ability to gain
access to cells that are normally nonphagocytic. This includes not only the cells of
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the intestinal epithelium, these organisms’ port of entry, but also other cells that
may constitute "safe sites" for Salmonellae at later stages of their pathogenic
cycle (TakeucH 1967; LN et al. 1987; Conan and NortH 1992; DunLAP et al. 1992;
VERJAN et al. 1994). Although the actual mechanisms of Salmonella entry are not
fully understood, work in a number of laboratories is beginning to provide some
insights into this intricate process. In this chapter, the molecular and cellular
bases of Salmonella entry into non-phagocytic cells will be reviewed. Most of the
information available has been derived from the use of in vitro systems. How-
ever, there is enough in vivo evidence that indicates that the molecular genetic
bases and mechanistic principles derived from these studies are highly relevant to
the natural infection process (GaLAN and CurTiss 111 1989; Jones and FaLkow 1994).

2 Interaction of Salmonella with the Intestinal Epithelium

Salmonella infections are largely initiated after the consumption of contaminated
food or water (CHaLKER and BLaser 1988; LeviNe et al. 1991; Cpc 1993). Ingested
bacteria reach the intestinal tract where they interact in a rather intimate and
complex manner with the cells that line the intestinal mucosa. As a result of such
an interaction, the microorganisms breach the intestinal epithelium to reach the
lamina propria (TAKEucHi and SpriNz 1967), where they replicate or proceed to
deeper tissues presumably carried within nonactivated macrophages. The site(s)
through which Salmonelia breaches the intestinal barrier has not been precisely
defined. Available information suggests that the entry site depends on the host as
well as on the Salmonella serotype (PoweLL et al. 1971; CarTer and CoLLiNs 1974,
Brown et al. 1976; HoHmann et al. 1978; McGovern and Stavutin 1979; Reep et al.
1986). It has been often suggested that, in man, the distal part of the small
intestine is the port of Salmonella entry. However, there is surprisingly little
evidence in the literature to support this assertion (ALEeksSEEv et al. 1960). In a
number of experimental animal infections, various segments of the intestinal tract
have been shown to be compromised early in the infection process (Kent et al.
1966; CarTer and CoLLins 1974; Brown et al. 1976; Reep et al. 1985, 1986),
suggesting that Saimonella can breach the intestinal barrier at sites other than the
small bowel.

The intestinal barrier is composed of a heterogeneous population of cells
present in different numbers throughout the various segments of the intestinal
epithelium. By far the most abundant type is the absorptive columnar epithelial
cell. Other cell types include goblet cells, very abundant in the large intestine, and
the M cells, which are often associated with organized collection of lymphoid
follicles known as Peyer's patches. Which of these cell types serves as a
passageway for Saimonella is a matter of some controversy. M cells have often
been suggested as the primary invasion site for Salmonella spp. This assertion is
supported largely by ligated mouse ileal loop infections, in which both S. typhi
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and S. typhimurium were shown to preferentially associate with M cells. Such an
interaction ultimately led to the destruction of these cells under these experimen-
tal conditions (KoHBaTa et al. 1986; Jones et al. 1994). The correlation of these
findings with the natural infection process, however, is less clear. It has been
shown that oral infection of susceptible mouse strains leads to colonization of
Peyer's patches, with subsequent proliferation of the organisms at this site
(CarTer and CoLLINs 1974; HoHmAaNN et al. 1978). This observation has often been
interpreted as an indication that, in these animals, these structures serve as the
primary port of entry for Saimonella. However, an alternative interpretation is that
Peyer's patches may represent a more favorable environment in which Salmo-
nella can more readily multiply. Furthermore, the lack of glycocalix on the surface
of M cells may make them more readily accessible to the infecting microorgan-
isms. It is clear that Salmonella can also breach the intestinal barrier through the
absorptive columnar epithelial cells of the small intestine {TakeucH 1967), and it
has been argued that perhaps columnar epithelial cells may indeed constitute the
main port of Salmonella entry since they vastly outnumber M cells (Trier and
Mapara 1988; McCormick et al. 1993). It is likely that the relative importance of
the different intestinal epithelial cells in Saimonella invasion of the host may be
largely dependent on the species of the infected host as well as on the Salmonella
serotype.

3 Salmonella Entry into Nonphagocytic Cells:
Role of the Host Cell

It has long been recognized that the host cell plays an active role in the Salmonelia
entry process (KiHLsTRoM and NiLsson 1977; BuckHoLm 1984). Early electron micro-
scopic studies of infected animals showed that shortly after coming into contact
with the intestinal epithelium, Salmonella typhimurium induced profound
changes in the plasma membrane of the infected cells (Takeuchi 1967). These
changes, which immediately preceded the uptake of Salmonella into a mem-
brane-bound compartment, were characterized by a transient and localized
distortion of the brush border of the columnar epithelium of the small intestine.
The disruption of the host-cell plasma membrane is accompanied by a significant
rearrangement of the cytoskeleton and the accumulation of a number of cyto-
skeletal-associated proteins such as actin, a-actinin, talin, and ezrin {FinLaY and
RuscHkowskl 1991). Cytochalasin D, a drug that disrupts the actin cytoskeleton,
effectively prevents bacterial entry, an indication that the bacterial-induced cyto-
skeletal rearrangements are essential for the internalization process (KiHLSTROM
and NiLsson 1977; BuckHoim 1984). It is now recognized that the Salmonella-
induced changes in the plasma membrane resemble the membrane ruffling
events triggered by a variety of agonists such as growth factors or by the
activation of a number of oncogenes (BAr-Saci and FErasmico 1986; Kapowaki et al.
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1986). In addition to the cytoskeletal changes, contact of Salmoneila with the host
cell induces a marked increase in the concentration of intracellular free calcium
(GinoccHio etal. 1992; Pace etal. 1993) and macropinocytosis (GARCIA-DEL
PorTiLLo and Fincay 1994). Interestingly, Salmonella triggers calcium fluxes from
the outside since addition of cytochalasin D, which effectively prevents bacterial
entry, does not impede this response. The ability of Salmonella to induce
membrane ruffling, calcium fluxes, and macropinocytosis closely correlates with
bacterial entry, since invasion-defective mutants were unable to induce these
responses in the host cell (GaLAN et al. 1992b; GinoccHIo et al. 1992; GARCIA-DEL
PorTiLLo and Fintay 1994).

It is increasingly clear that Salmonella entry into cells is the result of complex
signal transduction pathways triggered by the bacteria at the host cell surface
(GALAN 1994). Although the understanding of the signaling events is clearly
incomplete, recent studies have begun to provide some details of the cellular
processes responsible for bacterial uptake (GALAN et al. 1992b; RuscHkowski et al.
1992; Jones et al. 1993; Pace et al. 1993; CHeN et al. 1995) Salmonella can trigger
membrane ruffling and micropinocytosis in virtually any eukaryotic cell. However,
the signaling events that lead to these responses are clearly different in different
cells, an observation which has contributed to the apparently contradictory nature
of some of the findings (GALAN 1994). For example, S. typhimurium interaction
with cultured Henle-407 cells is accompanied by the tyrosine phosphorylation of
the epidermal growth factor receptor (EGFR) (GaLAn et al. 1992) and the subse-
guent stimulation of a complex signaling cascade (Pace et al. 1993). This cascade
includes the activation of the mitogen-activated protein (MAP) kinase and one of
its downstream substrates, phospholipase A, (PLA,). The activity of the latter
enzyme leads to the production of arachidonic acid, which is subsequently
converted to a variety of eicosanoids by the action of several enzymes including
5-lipooxygenase (5-LO). One of the eicosanoids, leukotriene D,, is involved in
triggering the calcium fluxes required for Salmonella entry. Interruption of this
pathway by blocking the activities of PLA, or 5-LO effectively prevented
Salmonella entry. Furthermore, the invasion phenotype of a Salmonella-entry
defective mutant that was unable to trigger this signaling pathway was effectively
rescued by the addition to the infected cells of either EGF, the natural ligand of the
EGFR, or LTD, (GALAN et al. 1992b; Packe et al. 1993). Salmonella can enter into
cells that do not express the EGFR (GALAN et al. 1992b; Francis et al. 1993), and
in those cells the bacteria-induced signaling pathways are different (CHeN et al.
1995). For example, Salmonella infection of human epithelioid Hela cells and
mouse B82 fibroblasts, which do not express the EGFR, results in the production
of inositol phospholipids [most likely inositol {1, 4, 5) triphosphatel, which may
ultimately mediate the observed calcium fluxes in these cells (CHEN et al. 1995).
Similar pathways are elicited in Hela cells (RuscHkowski et al. 1992; CHeN et al.
1995). In contrast, Salmonella infection of Henle-407 cells does not result in the
production of inositol phospholipids (CHEN et al. 1995).

It is likely that common downstream effector molecules may be involved in
the Salmonella induced signaling pathway in all cells, since in all cases the
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ultimate outcome of the Salmonella-induced responses is membrane ruffling and
cytoskeletal rearrangements that lead to bacterial uptake. Indeed, common
signaling components have been identified in various cells. Wild-type Salmonella
(but not invasion-defective mutants) induce Ca* mobilization and MAP kinase
activation in several cell lines, thereby establishing a correlation between these
responses and bacterial entry (GinoccHio et al. 1992; Pack et al. 1993; CHEN et al.
1995). Host-cell tyrosine phosphorylation is also required for Salmonella entry,
since broad-specificity tyrosine kinase inhibitors block bacterial entry into various
cell lines {CHeN et al. 1995). Interestingly, a very specific inhibitor of the EGFR
tyrosine kinase activity (BucHpunger et al. 1994) blocked entry into Henle-407
cells but not into Hela or B82 cells, further supporting the notion of alternative
signaling pathways in different cells and the involvement of the EGFR pathway in
Henle-407 cells (CHEN et al. 1995). RosensHINE et al. (1994) have reported that
tyrosine kinase inhibitors do not block bacterial entry and that an invasion-
defective mutant of S. typhimurium was also able to activate MAP kinase. In
addition, these authors failed to detect tyrosine phosphorylation of the EGF
receptor in Salmonella-infected Henle-407 cells. The reasons for these contradic-
tory findings are unclear at the present time but may be related to differences in
the experimental protocols, since the Salmonella strains and cell lines used in
these studies are presumably the same.

It is not understood how these different second messengers mediate bacte-
rial entry. Ca** is an important regulator of cytoskeletal dynamics, and arachidonic
acid metabolites have been shown to regulate the activity of actin-organizing
small GTP-binding proteins (Tsal et al. 1990; Han et al. 1991; CHuaN et al. 1993).
However, Jones et al. (1993) showed that microinjection of dominant negative
mutants of ras, rac, or the exoenzyme C3 ADP ribosyl transferase, which inhibits
the function of rho, did not prevent Salmonella-induced membrane ruffling in
infected HEp2, Swiss 3T3, and MDCK cells. Although MAP kinase (p*'™*) has
been shown to localize to membrane ruffles induced by growth factor stimulation
(GonzaLez et al. 1993), its role in bacterial uptake has not been established. It is
possible that this enzyme may play an important role in Salmonella-induced
nuclear responses that lead to the production of pro-inflammatory cytokines in the
infected cells. More studies will be required to elucidate the complexities of the
host-cell responses to Salmonella.

4 Salmonella Entry into Nonphagocytic Cells:
Role of the Bacterium

The complexity of the molecular genetic bases of Salmonella entry is reflected in
the large number of genetic loci involved in this process that have been identified
(FiNLAY et al. 1988b; ELsSINGHORST et al. 1989; GaLAN and CurTiss 11l 1989; GAHRING
et al. 1990; Betrs and FinLay 1992; GaLAN et al. 1992a; GiNnoccHIo et al. 1992; Lee



43 J.E. Galan

etal. 1992; Stone et al. 1992; ALTMEYER et al. 1993; BeHLau and MiLLEr 1993;
Groisman and OcHmaN 1993; Rusino et al. 1993; EicHELBERG et al. 1994; JonEes and
FaLkow 1994; Kaniga et al. 1994; CoLLazo et al.1995). Interestingly, many of these
loci are clustered in the 59-min region of the Salmonella chromosome. However,
additional loci scattered around the chromosome, some of them encoding well-
characterized surface determinants, have been implicated in the entry process.

4.1 Determinants of Entry Encoded in the 59-min Region
of the Salmonella Chromosome

There is mounting evidence indicating that as many as 45 kb encompassing the
59-min region of the Saimonellachromosome encode entry determinants (MiLLs
et al. 1995). This region corresponds to one of the nine "loops"” of the Salmonella
chromosome that share no homology to the Escherichia coli K12 chromosome
(RiLev and Sanperson 1990). The G+C content of the genes so far sequenced
from this region is very low in comparison to the overall average of the
Salmonella genome (Galan et al. 1992a; GiNoccHIo et al. 1992; ALTMEYER et al.
1993; GroismaN and OcHmaN 1993; EICHELBERG et al. 1994; KaNiga et al. 1994). It
has therefore been proposed that this segment of the chromosome may have
been acquired after horizontal transfer from another organism (GALAN et al.
1992a; GinoccHio et al. 1992). The presence of an 1S3-like element in the vicinity
of the invasion region of several Salmonella serotypes supports this notion
(ALTMEYER et al. 1993; GinoccHio et al. 1995). In fact, the 59-min region of the
chromosome remains unstable in certain  Salmonella serotypes such as
S. lichtfield and S. seftenberg, giving rise to naturally occurring nonpathogenic
strains that carry deletions in this segment (GiNnoccHio et al. 1995). Therefore, the
59-min region of the Salmonella chromosome represents another example of a
"pathogenicity island".

4.1.1 The inv/spa Loci

The molecular characterization of a S. typhimurium entry-defective mutant led to
the identification of a genetic locus called inv (Galan and Curmiss |1l 1989). This
locus is required not only for entry into cultured cells but also for Salmonella
virulence. An S. typhimurium strain carrying a polar mutation in invA was
defective in colonizing the intestinal epithelium of orally infected Balb/c mice. This
colonization defect resulted in a higher oral LDy, for the Inv- mutant (GaAn and
Curmiss 111 1989). The inv locus is present in essentially all virulent Salmonella
(Rann et al. 1992). Introduction of an inv mutation in several Salmonella strains
belonging to various serotypes rendered them severely defective for entry,
indicating not only that this locus is present, but also that it is functional in most,
if not all, Salmonella spp. (GaLin and CurTiss [l 1991). Subsequent nucleotide
sequence analysis of this and adjacent loci identified 13 genes arranged in the
following order: invH, invF, invG, invE, invA, invB, invC, invl, invJ, spaQ, spaP,
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spaR, and spa$S (GALAN et al. 1992a; GiNoccHio et al. 1992; ALTMEYER et al. 1993;
Groisman and OcHmaN 1993; EicHELBERG et al. 1994; Kanica et al. 1994; CoLiazo
et al. 1995) (Fig. 1). Functional analysis of nonpolar mutants established that,
with the exception of invB, all of these genes are required for S. typhimurium
entry into cultured epithelial cells (GalAN et al. 1992a; GiNoccHio et al. 1992;
EicHELBERG et al. 1994; Kaniga et al. 1994; CoLiazo and GaLAN 1995; CoLlazo et al.
1995). Furthermore, only mutations in invH (ALTMEYER et al. 1993) had any
measurable effect on the ability of Salmonella to attach to cultured cells, a clear
indication that attachment and entry are independent events for this microorgan-
ism. Interestingly, the phenotype of invH mutants was dependent on the Saimo-
nella serotype. The absence of a functional invH caused a more pronounced
defect in attachment and invasion in the host-adapted Salmonelia serotypes such
as S. typhi and S. gallinarum (ALtMever et al. 1993). The implications of this
observation of host specificity are unknown.

Seqguence homology of the predicted gene products revealed that InvG, InvA,
InvC, InvE, SpaO, SpaP, SpaQ, SpaR, and SpaS are similar to components of what
are now considered type-ll| protein secretion systems (SALMoND and Reeves 1993)
(Table 1). This type of protein export system has been identified in a number of
bacteria that are pathogenic for plants and animals, including species of the
genera Shigella, Yersinia, E. coli, Pseudomonas, Erwinia, and Xanthomonas
(SaLmonD and Reeves 1993; Van GuseGem et al. 1993). Some of the proteins that

srl hil orgA prgH CBASROPOJICBAEGFH mutS
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Fig. 1. The 59-min invasion region of the Salmonella chromosome

Table 1. Protein homologues in Type Il secretion systems in various mammalian and plant pathogens

Salmonella spp. Shigella spp. Yersinia spp. Plant pathogens Flagellar assembly
InvA MxiA LerD HrpO FIhA
InvE MxiC LerE ? -
InvG MxiD YscC HrpA -
InvF MxiE VirF HrpB -

? MxiJ YscJ Hrpl -
InvB Spalb ? ? FliH
InvC Spad7 YscN HrpE Flil
SpaO Spa33 YscP HrpQ FIiN
SpaP Spa24 YscQ HrpT FliP
SpaQ Spa9 YscR MopD FliQ
SpaR Spa29 YscS MopE FIiR
SpaS Spa40 ? HrpN -
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make up this system are also homologous to components of the flagellar
assembly apparatus of gram-positive and gram-negative organisms (DREYFus
et al. 1993). A distinct feature of this type of secretion system is that the target
proteins lack typical signal sequences, and therefore this translocon directs export
of the target proteins through both the inner and outer membranes of the
gram-negative cell wall. Although virtually nothing is known about the mecha-
nisms of the Salmonella type-Ill protein export apparatus, protein sequence and
biochemical analysis of the putative components are beginning to yield interest-
ing information. For example, InvA's secondary structure is consistent with that of
a polytopic inner-membrane protein with two domains: a hydrophobic amino-
terminal domain with at least eight putative transmembrane segments and a
hydrophilic carboxyterminal domain, most likely facing the cytoplasm (GALAN
et al. 1992a). Fractionation as well as topological studies using the transposon
TnphoA have confirmed this arrangement (GinoccHio 1994). This architecture
suggests that InvA may be part of a channel that would allow the secreted
proteins to get through the inner membrane. However, there is no evidence yet
to support this hypothesis. Other putative inner-membrane proteins include
SpaP, SpaQ, SpaR, and SpaS since their predicted sequences indicate the
presence of internal hydrophobic and presumably transmembrane segments.
These proteins, in conjunction with InvA, may constitute an inner-membrane
platform where the target proteins are initially engaged by the inv/spa translocon.
Based on its homology to the PulD family of protein translocases, InvG is
predicted to be localized in the outer membrane, where it may serve as a pore for
the passage of the target proteins through that membrane (Kaniga et al. 1994).
InvC is a member of a family of proteins with homology to the  subunit of the F F,
ATPase family of proteins. Purified InvC exhibited significant ATPase activity.
However, an InvC mutant protein with a change in a single amino acid located in
the nucleotide-binding region lacked ATPase activity and, when expressed in an
invC mutant of S. typhimurium, failed to complement the invasion phenotype of
this strain (EicHELBERG et al. 1994). These results indicate that InvC may serve as
the energizer of the translocon encoded by the inv and spa loci.

The functional similarity among the type-Ill secretion systems in the different
organisms is underscored by the observation that in some instances functional
complementation between homologous genes has been observed. For example,
mutations in the S. typhimurium invA (GinoccHio and GaALAN 1995) and spaP
(Groisman et al. 1993) genes were complemented by the cognate Shigella
flexneri genes mxiA and spa24, respectively. These interspecies complementa-
tion studies have also shown that these systems are tailored for the export of the
specific determinants of each pathogen. For example, the Yersinia enterocolitica
lerD gene product failed to complement a S. typhimurium invA mutation
(GinoccHio and GALAN 1995). However, a chimeric protein consisting of the
N-terminal half of LcrD and the C-terminal half of InvA successfully comple-
mented an invA mutation, indicating that determinants of specificity may lie in the
C terminus of this family of proteins.
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4.1.2 Targets of the inv/spa Translocon

The identification of targets of the inv/spa-encoded secretion system is of great
interest since it may lead to the identification of effector molecules involved in
triggering the internalization process in the target eukaryotic cell. Despite the
homology among the components of the type-Ill secretion system, little homo-
logy has been observed among the protein targets identified so far such as the
Yersinia outer proteins (Yops) (reviewed in STRALEY et al. 1993), the Shigella Ipas
(reviewed in SansoNeTTI 1992), and the harpins of plant pathogenic bacteria (WEl
etal. 1992; He etal. 1993). Recently, a number of proteins whose export
depends on the function of the inv/spa translocon have been identified (CoLLazo
etal. 1995; Kaniga et al. 1995). At least nine proteins were found in culture
supernatant of invasion-competent wild-type Salmonella typhimurium that were
absent from those of several invand spa mutants including invC and invG (Kaniga
et al. 1995). One of these proteins, Invd, is encoded in the invlocus and shares
no significant homology with any of the identified targets of the related export
systems in Shigella and Yersinia (CoLLazo et al. 1995). However, InvJ has
homology, albeit low, to EaeB, a protein from enteropathogenic E. coli that
has been implicated in triggering the host cell responses that lead to the
characteristic rearrangement of the cytoskeleton observed in cells infected
with these organisms (DoNNENBERG et al. 1993). Interestingly, this protein is
also a target of a type-lll export system (see Donnenberg this volume). Two
additional targets of the inv/spa translocon have recently been identified
(Kaniga et al. 1995). These proteins, termed SipB and SipC, are also encoded
in the 53-min region of the Salmonella chromosome and share significant
similarity to the Shigella lpaB and IpaC proteins, which are required for the
complex interactions of Shigella with the host cells (Sansonetrti 1992). The
similarity between putative Shigella and Salmonella effector proteins is in-
triguing, since these organisms interact with the host cells in a different
manner. For example, unlike Salmonella, (FiNLAY et al. 1989), Shigella can not
readily enter into polarized epithelial cells through the apical side (MouNiEr
etal. 1992). Furthermore, Salmonella remains in a membrane-bound com-
partment throughout its intracellular life cycle (TakeucHi 1967), in contrast to
Shigella, which exits from the endocytic vacuole immediately after internali-
zation (SANSONETTI et al. 1986). Determinants of specificity may lie in less
conserved regions of these putative effector molecules. This is certainly
possible, since the overall identity between SipB and SipC and the Shigella
homologues IpaB and IpaC is 28% and 25%, respectively, although in certain
regions (e.g., a central 150-amino acid hydrophobic domain of SipB and IpaB)
the identity is as high as 65%. An alternative explanation is that these
proteins may not have effector functions, but may rather facilitate the action
or delivery of yet unidentified effector proteins.

It is becoming increasingly clear that targets of the type-lll secretion system
are associated with specific chaperones in the cytoplasm. Thus chaperones for
the Yop proteins of Yersinia and the Ipa proteins of Shigella have recently been
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described (Watriau and Corneus 1993; MENARD et al. 1994; WAaTTiau et al. 1994).
Two genes encoding putative chaperonin proteins have been identified immedi-
ately adjacent to the genes that encode the Salmonella exported proteins. One of
them, invl, encodes a protein of 17 kD with a very high isoelectric point (9.6) and
a high probability of forming coiled coils, all features consistent with putative
chaperone activity (CoLLazo et al. 1995). Furthermore, mutations in inv/ rendered
Salmonella deficient for entry into cultured epithelial cells. The other gene, termed
sicA, is located immediately upstream of the sipB and sipC genes and encodes a
protein homologous to the Shigella and Yersinia chaperones IpgC and LcrH
(Kanica etal. 1995). sicA is required for Salmonella entry, since a nonpolar
mutation in this gene rendered Salmonella severely deficient for entry.

4.1.3 Contact-dependent Assembly of an Invasion Organelle

High-resolution, low-voltage scanning electron microscopic studies of the interac-
tion of S. typhimurium with cultured epithelial cells revealed the presence of
appendage-like structures on the surface of Salmonella (GinoccHio et al. 1994).
These structures, termed invasomes, were seen shortly after the organisms
came in close contact with the host cell but were absent from bacteria grown in
L-broth under conditions that render these organisms invasion competent. They
are approximately 60 nm in diameter and 0.3-1 um in length. The invasomes
seemed to be shed upon triggering of the signaling events that lead to bacterial
uptake, since bacteria associated with membrane ruffles lacked the surface
appendages. Addition of chloramphenicol immediately before infection did not
prevent their assembly, indicating that these structures are made of a pool of
presynthesized components. This is consistent with the observation that addition
of chloramphenicol does not block the entry of invasion-competent Salmonella
{(MacBeTH and LEe 1993). The transient assembly of the invasomes is dependent
on the function of the inv-encoded translocon since mutations in invG and invC
effectively prevented the contact-dependent assembly of this structure. Interest-
ingly, invE mutants were capable of forming the invasome upon contact with host
cells, although the appendages looked longer than those observed in wild-type
and appeared to have a longer half-life. The putative regulatory role for InvE is
consistent with its homology to LcrE (YopN), a Yersinia spp. protein involved in
the regulation of Yop secretion (Forseere et al. 1991; GinoccHio et al. 1992).
Although the nature of the invasome appendages has not yet been defined,
the requirement of the inv-encoded protein export system for its assembly
suggests that the targets of this system, such as InvJ, SipB, and SipC, may be
components of this structure. Consistent with this notion is the recent observa-
tion that contact of wild-type S. typhimurium with cultured Henle-407 cells
stimulates the secretion of InvJ {ZiERLer and GALAN 1995). Stimulation of Invd
secretion requires live cells, since Henle-407 cells fixed with 2.5% glutaraldehyde
failed to stimulate InvJ secretion. Addition of chloramphenicol had virtually no
effect on the amount of InvJ released upon contact with Henle-407 cells,
indicating that the stimulation of InvJ secretion does not require de novo protein
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synthesis. Thus, InvJ appears to be stockpiled in Salmonella and is subsequently
released into the medium during the interaction with the host cells. The secretion
of InvJ closely correlates with the invasome assembly process. invC and invG
mutants which failed to assemble the invasome also failed to secrete InvJ upon
contact with live Henle-407 cells. In contrast, an invE mutant which was capable
of assembling the surface appendages (albeit morphologically aberrant) secreted
Invd upon contact with cultured cells at levels equivalent to those of wild type.
These results indicate that the presence of Henle-407 cells is capable of activating
the type-lll secretion system encoded in the inv locus, further supporting the
notion that Salmonella entry into cultured cells is the result of biochemical cross-
talk between the bacteria and the host cells.

4.1.4 The hil, prgH, and orgA Loci

The Saimonella entry phenotype is highly regulated (see below). For example,
conditions known to affect the degree of DNA superhelicity such as osmolarity
(GaLan and Curriss 111 1990; Tartera and MeTcaLF 1993), oxygen tension, or growth
state (ERnsT et al. 1990; Lee and FaLkow 1990; ScHIEMANN and SHope 1991) strongly
influence bacterial invasion. Therefore, investigators have taken advantage of
these regulatory cues to identify genetic loci that are involved in the invasion
phenotype. For example, Lee et al. (1992) have isolated S. typhimurium mutants
capable of entering into cultured epithelial cells when grown under nonpermis-
sive conditions. This strategy identified three classes of mutants. One class of
mutants affected a number of che genes, thereby causing a smooth-swimming
phenotype. This phenotype presumably increases the probability of productive
contact between Salmonella and the target host cell, thereby aiding the entry
process. The second class of mutants affected the expression of rho, a transcrip-
tional termination factor. The absence of rho may affect the expression of genes
encoding invasion determinants. The third class identified a locus termed hil (for
hyperinvasive locus). Interestingly, this locus was mapped at minute 59 on the
Salmonella chromosome, approximately 15-20 kb away from the inv/spa loci.
A deletion encompassing this locus rendered S. typhimurium deficient for entry,
indicating that it may encode or regulate the expression of invasion determinants
that are rate limiting for invasion when the organisms are grown under non-
permissive conditions. A different approach was taken by Jones and Faikow
(1994) to identify invasion loci by first identifying oxygen-regulated genes, since
growth of Salmonella in a low-oxygen environment increases the ability of these
organisms to enter mammalian cells. This approach identified orgA, which is
closely linked to the hif locus (Jones and Fatkow 1994). An S. typhimurium orgA
mutant was reduced in virulence when administered orally to Balb/c mice,
although it was fully virulent when administered intraperitoneally, a phenotype
very similar to that of an invA mutant (GaLAn and CurTiss 111 1989). The search for
genes whose expression is negatively regulated by the phoP/phoQ two-compo-
nent regulatory system led to the identification of prgH, a locus required for
S. typhimurium entry into cultured cells also very closely linked to hil (BEHLAU and
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MiLLer 1993). Further studies will be necessary to establish the functional
relationship among these three as well as the other invasion loci encoded in the
59-min region. The close proximity of these genes on the chromosome, as well as
the phenotype of the mutant strains, suggests that all these genes are function-
ally related.

4.2 Other Entry Loci

Various approaches have identified a number of genetic loci required for entry
which are located outside the 59-min region, some of which encode well-
characterized surface determinants. It is not yet known whether some (or all) of
these loci encode alternative entry pathways, or whether they are somehow
functionally related to the invasion functions encoded in the 59-min region.
Several studies have demonstrated the importance of flagella (Liu et al. 1988;
KHoramian-FALSAFI etal. 1990; Jones etal. 1992; Lee etal. 1992), lipopolysac-
charide (LPS) (Jones etal. 1981; Fintay et al. 1988b; Mroczensk-WILDEY et al.
1989) and type-1 pili (ErnsT etal. 1990) in the entry process. For example,
mutations in che genes which conferred the "smooth-swimming" phenotype
rendered S. typhimurium more invasive than wild type. Mutations in cheB, which
conferred the "tumbly" phenotype, resulted in strains that were deficient in entry
(Liu et al. 1988; KnoramiaN-FALsArl et al. 1990; Jones et al. 1992). These observa-
tions suggest that the role of motility in bacterial entry may simply be to facilitate
productive contact of the bacteria with the target cell. This is further supported by
the observation that the invasion defect in nonmotile bacteria can be reversed by
applying a mild centrifugal force (Jones et al. 1992) and that Fla- bacteria are fully
virulent when administered orally to Balb/c mice (Lockman and CurTiss [l 1990).
However, it has been reported that in S. typhi the invasion defect of Fla~ strains
cannot be reversed by applying centrifugation, indicating that perhaps in this
particular serotype motility and entry are functionally linked in some additional
way (Liu et al. 1988).

The role of LPS in entry is also dependent on the Salmonella serotype. Rough
mutants of S. choleraesuis (FiNLAY et al. 1988b) and S. typhi (Mroczenski-WILDEY
et al. 1989) are defective for entry, while rough mutants of S. typhimurium are
not (KiHLSTROM and Epeso 1976) and rough mutants of S. enteritidis are only
slightly defective for entry (STone et al. 1992). It is not known whether LPS plays
some role in evoking signaling responses related to invasion, or whether this
molecule may simply facilitate contact with the host cells by altering the surface
properties of the bacteria.

A variety of transposon mutagenesis analyses have identified several addi-
tional Salmonella loci required for entry. Stone et al. {(1992) isolated a number of
TnphoA insertion mutants in S. enteritidis that affected invasion to varying
degrees. These mutants were mapped to nine different loci on the Salmonella
chromosome and all but one of them were located outside the 59-min region.
Some mutants showed different phenotypes depending on the cell line used to
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assess their invasiveness. These findings argue for the existence of alternative
entry mechanisms in Salmonella. FiNnLay et al. (1988b) isolated six classes of
TnphoA insertion mutants in S. choleraesuis that were defective in entry. Two of
these classes of mutants affected LPS structure, although the remaining four did
not. Two of the mutant classes with normal LPS structure were avirulent in mice.
Additional noninvasive mutants have been isolated in S. typhimurium but not
characterized further (Betts and FinLay 1992).

ELsingHoRsT et al. (1989) isolated a region of the S. typhi chromosome that,
when introduced into a normally noninvasive strain of E. coli, conferred upon this
strain low levels of invasiveness. Further analysis identified at least four separate
loci required for invasion. The homologous region from the S. typhimurium
chromosome failed to confer invasive properties to E. coli. These invasion loci are
linked to the recA and sorbitol utilization genes and are therefore adjacent to the
59-min invasion region. The functional significance of this topological relationship
is uncertain, since these invasion loci are not part of the 59-min "pathogenicity
island" that encodes invasion functions.

5 Regulation of the Invasion Phenotype

The invasion phenotype of Salmonella is highly regulated. As described above,
many investigators have taken advantage of the different regulatory cues to
isolate invasion loci. There are several environmental signals that influence the
invasion phenotype. Some of them, such as osmolarity, oxygen tension, or
growth state, have in common the fact that they alter the level of DNA
superhelicity (Hicains et al. 1988; Pruss and DrLica 1989; Dorman et al. 1990).
This is consistent with the observation that Salmonella entry is strongly influ-
enced by the degree of DNA supercoiling. For example, mutations in topA, which
drastically alter the level of DNA superhelicity, severely affected the ability of
S. typhimurium to gain access to host cells (GALAN and CurTiss [l 1990). The hil
locus, which was isolated by identifying mutants able to enter under
nonpermissive growth conditions, is likely to exert its regulatory functions based
on these cues (Lee etal. 1992). The phoP/phoQ locus is also involved in the
regulation of the invasion phenotype since at least one invasion locus, prgH, is
negatively regulated by this two-component system (BeHLau and MiLLER 1993).
This is an interesting finding, as it suggests a regulatory link between two
independent, yet related events—bacterial entry and intracellular survival. An
additional regulatory mechanism may involve InvF, a member of the inv locus
homologous to the AraC family of transcriptional regulators. invF is essential for
Salmonella entry into cultured epithelial cells (Kanica et al. 1994). However, the
regulatory targets of this gene remain to be identified. Members of the AraC
family of transcription regulators have also been implicated in the regulation of
related phenotypes such as Shigella invasion (Sakal et al. 1988) or the secretion
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and production of the Yersinia Yops (CorneLIs et al. 1989). Another regulatory
layer includes the mechanisms that orchestrate the careful assembly of the
surface organelle or invasome that is required for Salmonella entry (GinoccHIO
et al. 1994). Although such regulatory mechanisms are poorly understood, it is
known that the regulatory cue(s) is provided by live eukaryotic cells (see previous
section) (ZIERLER and GALAN 1995) and that the regulatory effect is not exerted at
the transcription or translational level. More work will need to be done in order to
understand the complex interaction between these various regulatory networks.

6 Concluding Remarks

We now know that Salmonella entry into host cells is the result of true "cross-talk"
between the bacterium and the host cell. Itis clear that bacteria can trigger within
the host cell a complex signaling cascade that leads to membrane ruffling,
micropinocytosis, and subsequent bacterial uptake. It is also apparent that the
presence of the host cell activates a novel, sec-independent dedicated protein
secretion system with the subsequent assembly of appendage-like structures on
the surface of the bacterium. The challenge for the next few years will be to
identify the actual molecules that mediate this remarkable cross-talk. As we
understand more about how Saimonelia enters into host cells, we will undoubt-
edly learn more about protein secretion, organelle assembly, and even basic
cellular processes such as transmembrane signaling.
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1 Introduction

Intracellular pathogens can be artificially divided into two groups, those which are
present only in phagocytes and those which also enter and replicate in nonprofes-
sional phagocytic cells. The process of entry into nonphagocytic cells is often
referred to as "parasite-directed endocytosis" or ‘induced phagocytosis”, since it
involves the participation of both the pathogen and the host eukaryotic cell. In
those cases where it has been carefully studied, interaction between a bacterial
ligand and the host cell receptor results in stimulation of host signaling pathways
and the subsequent cytoskeletal rearrangements necessary for uptake (BLiska
et al. 1993). Phagocytosis by professional phagocytes is generally different from
‘induced phagocytosis" in at least two aspects: (a) Internalization is mainly a "host-
directed" event resulting from deposition on the bacterium of antibodies or other
compounds recognized by phagocyte receptors. (b) Professional phagocytes can
produce potent microbicidal radicals or compounds that intracellular bacteria
must circumvent, alter, or destroy in order to survive.

Listeria monocytogenes, a gram-positive facultative intracellular bacterium
responsible for severe food-borne infections in humans and animals (FLEMING
etal. 1985; Gray and KILLINGER 1966; ScHLEcH Il et al. 1983), belongs to the
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second category of intracellular pathogens described above. During infection, this
bacterium is found both in macrophages (Mackaness 1962, 1964) and in normally
nonphagocytic cells, such as intestinal epithelial cells (Racz et al. 1970, 1972) and
hepatocytes (Lepay et al. 1985; Rosen et al. 1989). While replication in profes-
sional phagocytes has long been appreciated as being critical to the development
of listeriosis, we are now beginning to realize that entry and replication in normally
nonphagocytic cells is also an important component of bacterial pathogenesis.
For example, recent work has demonstrated that bacterial multiplication in
hepatocytes plays a key role in the development of a systemic infection (ConLAN
and NortH 1991; see below).

The use of simple in vitro systems of infection (for a review see CossaART and
MEenGaup 1989; GaiLLARD et al. 1987; Kunn et al. 1988; Woop et al. 1993) and the
development of genetic techniques has greatly facilitated the study of the genetic
and molecular determinants of L. monocytogenes pathogenesis, including those
involved in entry into mammalian cells. Previously, the molecular mechanisms of
bacterial entry into nonprofessional phagocytes was studied mainly in gram-
negative bacteria, such as Yersinia, Salmonella, and Shigella spp. (for a review see
FaLkow et al. 1992). Based on recent studies of invasion by L. monocytogenes,
it now seems likely that this bacterium enters host cells by mechanisms that are
quite different than those used by these enteric bacteria. This review focuses only
on the current understanding of the process of entry of L. monocytogenes into
mammalian cells. The other steps of the infection process have been extensively
reviewed elsewhere (CossarRT 1994, 1995; Cossart and Kocks 1994; Portnoy 1995;
SHEEHAN et al. 1994)

2 The Human and Murine Infections

Listeriosis is a food-borne infection which generally occurs after consumption of
contaminated food stuff, suggesting that the main site of entry in the organism is
the intestine (FLEMING et al. 1985; ScHLECH et al. 1983). It affects mainly immuno-
compromised individuals and pregnant women. The clinical features of the
disease include meningitis or meningoencephalitis, septicemia, abortion, and
perinatal infections (Gray and KILLINGER 1966).

Much of our understanding of the disease comes from the mouse model and
from classic studies of induction of cell-mediated immunity (for a review see
Kaurvann 1993). These studies revealed that a primary infection with L. mono-
cytogenes induces a very efficient T-cell response, and that antibodies play no
measurable role in recovery from infection or protection against a secondary
infection.

Most aspects of human listeriosis can be experimentally reproduced in the
mouse model (AuDURIER et al. 1980; Mackaness 1962; NortH 1970, 1973). Mice
inoculated orally with high doses of L. monocytogenes (10%-10° in BALB/c mice)
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develop a systemic illness. The primary site of intestinal tissue invasion by
L. monocytogenes is still the subject of uncertainty. Two sites have been
described: enterocytes (Racz et al. 1972) and Peyer’s patches (MacDonaLd and
CarTer 1980; Marco et al. 1992). In the case of Peyer's patches, L. monocyto-
genes probably penetrates through the M cells, which appear particularly active in
internalizing other bacterial pathogens such as Yersinia, Shigella, and Salmonella
(CarTeR and CoLLins 1974; Grutzkau et al. 1990; Hanski et al. 1989; WAasser et al.
1989). Following translocation across the intestinal barrier, L. monocytogenes
can be observed in phagocytic cells present in the underlying lamina propria (Racz
et al. 1972). Bacteria then spread via the lymph and the bloodstream to the liver
and the spleen.

In the liver, the bacteria are rapidly phagocytosed by the Kupffer cells, the
resident macrophages lining the liver sinusoids, and 90% of the inoculum is
destroyed during the first 6 h (Leray et al. 1985; Mackaness 1962). Thereafter, the
survivors infect adjacent hepatocytes, which are destroyed by neutrophils during
the next 24 h (Concan and NortH 1991; Rocers and Unanue 1993; Rosen et al.
1989). Lysed hepatocytes liberate the bacteria, which can then be ingested by
neutrophils or macrophages. Thus neutrophils play a key role in the early defense
mechanism. The importance of neutrophil recruitment in limiting the infection of
hepatocytes by L. monocytogenes was shown by treating mice with a mono-
clonal antibody (5C6) directed against the type-3 complement receptor (CR3), a
heterodimeric B2 integrin molecule (CD18-CD11b, also called, o, B2) (ConLan
and NortH 1991; Rosen et al. 1989). 5C6 is specific for the CD11b polypeptide of
CR3 and inhibits the ability of neutrophils and monocytes to adhere to the
intercellular adhesion molecule 1 (ICAM1), which is inducibly expressed on the
surface of vascular endothelial cells. In this way, 5C6 inhibits migration of
neutrophils from blood to sites of inflammation. In mice treated with 5C6, bacteria
multiplied unrestrictedly in the hepatocytes (Rosen et al. 1989).

Subsequently during the infection process, depending on the further immune
response of the host, the bacteria are either eliminated or undergo further
hematogenous dissemination to the brain or placenta (Gray and KiLLINGER 1966).

3 Listeria-Macrophage Interactions

Mackaness was the first to demonstrate that L. monocytogenes is able to
survive and replicate in murine macrophages (Mackaness 1962, 1964). This
property has long been considered a major determinant for the virulence of this
organism. It is now clear, however, that other factors are also crucial for the
establishment of bacterial infection.

During infection, L. monocytogenes encounters various types of macro-
phages: resident macrophages present beneath M cells, Kupffer cells in the liver,
and activated macrophages which are recruited to the site of infection. In vitro
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studies have shown that mononuclear phagocytes are very heterogeneous with
regard to listericidal activity; some macrophages allow intracellular growth of this
bacterium, whereas others kill it (ALForD et al. 1991; Baker and CampBELL 1980;
CampBeLL 1994; De CHasTeELLIER and BEercHE 1994; Mackaness 1962; Miake et al.
1980; SpiraLny 1981). In listericidal macrophages, the bacteria remain trapped in
the phagosomal compartment (DReveTs et al. 1992; PorTnoY et al. 1989). Compo-
nents of the Listeria cell wall activate complement by the alternative pathway
(Croizé et al. 1993) and, after deposition of C3b on the bacterium, entry into
macrophages occurs in a complement-dependent manner. The nature of the
receptor used during phagocytosis seems to influence the killing of the phago-
cytosed bacteria. Listericidal (proteose peptone-elicited) peritoneal macrophages
phagocytose Listeria primarily through CR3 (Drevets and CampBeLL 1991; DREVETS
et al. 1992, 1993), while nonlistericidal peritoneal macrophages (thioglycolate-
elicited) appear to phagocytose Listeria primarily through receptors other than
CR3 (ALvarez-Dominguez et al. 1993; Drevers et al. 1992). This is interesting,
because for several other bacteria, CR3-mediated uptake into phagocytes allows
the microorganism to bypass toxic pathways involving production of H,0O, and
oxygen free radicals and thus is less microbicidal. Phagocytic internalization of
particles coated with antibody induces the release of H,0,, whereas particles
coated with C3bi do not induce H,0, release during phagocytosis (VWRiGHT and
SiLversTEIN 1983). Therefore, it seems likely that listericidal macrophages Kkill
L. monocytogenes by pathways other than oxygen free radical production, such
as those involving NO release (BeckermaN et al. 1993; Boockvar et al. 1994).

There are other ways in which Listeria could enter phagocytic cells. It has
been shown that the type-I macrophage scavenger receptor binds to gram-
positive bacteria and recognizes lipoteichoic acid (Dunne et al. 1994). Lipoteichoic
acids are ubiquitous gram-positive bacterial cell surface components. Thus,
scavenger receptors may participate in host defense by clearing lipoteichoic acids
and/or intact bacteria from tissues and the bloodstream. However, the relevance
of this phenomenon has not been assessed.

Once internalized by macrophages, the bacteria are engulfed in membrane-
bound vacuoles. In listericidal macrophages, the bacteria remain trapped in the
phagosomal compartment (DRrevets et al. 1992; Portnoy et al. 1989), whilé in
nonlistericidal macrophages the bacteria are able to escape from this vacuole.
Thus, another factor that may play an important role in determining the listericidal
activity of macrophages is the ability to retain L. monocytogenes in the
phagosome.

Bacterial escape from the vacuole and further growth in the cytoplasm
depend on the key virulence factor listeriolysin O (see SHeeHAN et al. 1994).
Therefore, the apparent replication in macrophages is a reflection of not only
intracytosolic multiplication but also intracellular killing in the acidified phagosome
(De CHasTELLIER and BErRcHE 1994). The following steps of the infection process in
macrophages were indentified in vitro using the murine macrophage cell line
J774 (Tiney and Portnoy 1989) and are summarized in Fig. 1. The main result of
this study was the discovery of a mechanism allowing the direct cell-to-cell



Molecular and Genetic Determinants 65

Fig. 1. Successive steps of the L. monocytogenes infectious process. The proteins involved in this
process are indicated in parentheses. LLO, listeriolysin O. (Adapted from TILNEY and PORTNOY 1989)

spread of the bacterium (for reviews see CossaArT 1995; CossArT and Kocks 1994,
TiLNey and Titney 1993) and in which the organism never leaves the mammalian
cytosol. This mechanism of cell-to-cell spreading was also shown to occur in
nonphagocytic cells, using the human intestinal epithelial cell line Caco-2
(MouNier et al. 1990).

4 Entry into Nonphagocytic Cells

Based on both invivo and tissue culture studies, it is clear that L. mono-
cytogenes enters into nonphagocytic cells. Among the various cell lines which
have been used to study the invasive process (for a review see CossArRT and
MEenGAUD 1989; SHeeHAN et al. 1994) the human enterocyte Caco-2 cell line is a
widely employed in vitro model, because it has the remarkable capacity to
undergo typical enterocyte differentiation (e.g., polarization, formation of micro-
villi and tight junctions) under standard culture conditions. A recent electron
microscopic study showed that L. monocytogenes was able to enter Caco-2 cells
through the apical pole (KarunasaGAR et al. 1994). This study employed non-
differentiated Caco-2 cells and is not in agreement with several other studies
which suggested that L. monocytogenes enter Caco-2 (GAILLARD et al. 1994) and
LLC-PK1 cells through the baso-lateral surface (TEmm-Grove et al. 1994). These
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latter results are corroborated by the fact that confluent Caco-2 cells are not
permissive to L. monocytogenes infection (our unpublished results).

L. monocytogenes is an adherent bacterium, and the invasion process may
be artificially divided into two steps: attachment to the host cell surface and
subsequent internalization. At 4°C, bacteria adhere but do not enter. Bacterial
entry occurs when the temperature is raised {our unpublished results). Uncou-
pling of attachment and entry are also attained by treating cells with cytochalasin
D, which inhibits entry but not adherence (GaiLLArRD et al. 1987). These results
demonstrate that microfilament function is required only for uptake and suggest
that bacterial entry occurs by a process closely related to phagocytosis.

For L. monocytogenes, nothing is known about bacterial factors which are
involved only in adherence. To date, three surface proteins, internalin {the inlA
gene product), InIB, and p60, have been reported to play a role in the induced
internalization of L. monocytogenes by nonprofessional phagocytic cells in vitro.

4.1 The Internalin Gene Family

Discovery of the internalin gene family resulted directly from the identification of
the first invasion locus in L. monocytogenes, the internalin gene (GalLLARD et al.
1991). A library of Tn1545 mutants of L. monocytogenes was screened for
defects in entry into Caco-2 cells. Three noninvasive mutants were obtained.
These mutants were also defective for entry into a variety of other epithelial cell
lines. In all three mutants, the transposon had inserted into a region upstream
from two open reading frames, inlA and in/B. Transcription of these two genes
was abolished in the noninvasive mutants. Complementation of the noninvasive
mutants with inlA restored invasivity in Caco-2 cells. In addition, when inlA was
expressed in L. innocua it conferred invasivity on this otherwise noninvasive,
nonpathogenic Listeria species. Thus, at least in the genetic background of a
closely related Listeria species, inlA expression is sufficient to promote entry into
intestinal epithelial cells.

inlA encodes internalin, an 800-amino acid protein (Drams et al. 1993a;
GalLLARD et al. 1991) whose characteristic features include a signal sequerice,
two different regions of repeats, and a COOH-terminal hydrophobic region
preceded by the hexapeptide LPTTGD (Fig. 2). The first region of repeats is made
of 15 highly conserved successive repeats of 22 amino acids which display a
striking periodicity of leucine residues. Such repeats have been termed “LRRs",
for leu-rich repeats (Kose and DeisenHorFer 1994). The second region of repeats is
formed by three successive repeats, the first two of 70 amino acids and the third

»
Ll
Fig. 2A,B. The internalin locus. A the internalin operon and the putative terminators (T7 and 72) are
indicated. Also shown is the approximate location of the Tn1545 insertion used to identify the locus.
Below inlA and iniB, a schematic representation of their corresponding proteins is shown.
B Sequences of internalin and InIB showing signal sequences (underlined), repeat regions, and
LPXTGX motifs (boxed). (From GAILLARD 1991)
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of 49 amino acids. The hexapeptide LPTTGD present in internalin fits a consensus
hexapeptide LPXTGX (where X represents any amino acid) found in many surface
proteins of gram-positive cocci [e.g., protein A of Staphylococcus aureus and
protein M of Streptococcus pyogenes (FiscHeTTI et al. 1990)]. Recently, NAvARRE
and ScHneewinD demonstrated that this consensus sequence, together with an
approximately 20-amino acid hydrophobic C-terminal region (also present in
internalin), serves as a sorting signal to the cell wall (NavarRrRe and SCHNEEWIND
1994).

Based on these studies, internalin is predicted to be a cell-wall-associated
protein. Indeed, Western blot analysis has shown that internalin is a surface
protein (Dramsi et al. 1993b). These results were confirmed by immunogold
labeling and immunofluorescence of in vitro grown bacteria using monoclonal
antibodies against purified internalin (J. Mencaup, F. Nato and P. CossaRT our
unpublished data). Maximal levels of the surface-bound form of internalin are
found in exponential cultures, and this optimal expression of internalin on the
bacterial surface in exponential phase correlates not only with maximal transcrip-
tion, but also with maximal invasivity in Caco-2 cells (Dramsi et al. 1993b) (Fig. 3).
Surprisingly, internalin is also found in the culture supernatant, but preliminary
results indicate that the released form does not play any role in invasion (our
unpublished results). The mechanism of anchoring of internalin in the cell wall
seems to be very similar to that of other LPXTGX-containing proteins (Fig. 4), as
demonstrated by an experiment in which the C-terminal part of internalin was
fused to that of protein A of S.aureus. The fused protein was efficiently targeted
to the cell wall of S. aureus (ScHNEEWIND et al. 1993).

IniB is downstream from and co-transcribed with inlA. This gene encodes a
630-amino acid protein containing a signal seqguence and eight leucine-rich
repeats strikingly similar to those found in internalin (Fig. 2). However, unlike
internalin, the InIB protein does not have a hydrophobic COOH-terminal region.

Although it is not located immediately next to the gene cluster containing
most of the other identified L. monocytogenes virulence factors (MicHeL and
CossarT 1992), the inlAB locus is co-regulated with these virulence genes and
shares dependence on the pleiotropic virulence gene activator PrfA (Dramsi et al.
1993b).

The role of inIB was assessed through the construction of isogenic mutants
containing chromosomal deletions in the inlAB locus (Dramsi et al. 1995). These
studies showed that: (a) inlB encodes a surface protein (Fig. 5); (b) internalin,
which was previously shown to be necessary for entry into intestinal epithelial
cells, is also required for entry into the human hepatocyte cell line HepG-2; and
(c) iniB is required for entry of L. monocytogenes into hepatocyte-like cell lines
but not into the human intestinal epithelial cell line Caco-2. in addition to InIB,
there appears to be at least one other L. monocytogenes factor that mediates
entry into cultured hepatocytes, since expression of in/B alone is not sufficient to
cause L. innocua to invade these cells.

To evaluate the role of internalin and InIB in vivo, BALB/c mice were
inoculated intragastrically with either the wild-type strain EGD or the isogenic
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inlB-transcript ++ + -
invasiveness in CaCo-2 +++ + -
InlA-cell wall associated ++ + -
InlA-soluble form +++ +++ +++

Fig. 3A,B. Expression of internalin. A Transcriptional organization of the internalin locus. The two
transcripts of the internalin operon are indicated by arrows, and the promotor region is indicated as P.
B Expression of the internalin locus and invasiveness of L. monocytogenes in Caco-2 cell line during
growth

strain AinlAB. Inoculation with the mutant resulted in reduced bacterial counts in
the liver compared with inoculation with the wild-type strain, demonstrating that
the inlAB locus is important for normal infection of this organ. Bacterial counts in
the mesenteric lymph nodes and the spleen, however, were very similar over a
period of 7 days (Drawmsi et al. to be published). Thus the inlAB locus is apparently
not essential for penetration of the epithelial cell barrier. Penetration of this barrier
in the absence of inlAB could reflect the existence of genetic redundancy,
reinforcing the view that this insidious pathogen uses multiple strategies to
invade cells and tissues.

In addition to iniB, five other genes homologous to inlA have been identified,
cloned, and sequenced (S. Drawmsi, P. DeHoux, and P. CossarT, unpublished
results). Our working hypothesis is that the internalin repertoire encodes surface
proteins with different cellular and/or species tropisms. Our results with InIB favor
such a hypothesis.

Internalin, InIB, and the other products of the internalin multigene family do
not display striking overall homology to other known proteins. However, all but
one member of this family contain the series of 22 amino acid LRRs described
above for internalin and InIB. LRRs are present in a number of eukaryotic proteins
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Fig. 5. The iap and inlAB genes of L. monocytogenes and location of their products

with diverse functions and cellular locations (Kose and DeisenHorer 1994). Apart
from the products of the internalin gene family in L. monocytogenes, only two
other examples of prokaryotic proteins containing LRRs have been described, the
IpaH surface proteins of S. flexneri (HARTMAN et al. 1990) and the secreted YopM
protein of Yersinia pestis (LEUNG and STRALEY 1989; VENKATESAN et al. 1991).

LRRs are usually present in tandem, and their number ranges from one in
platelet glycoprotein Ib (Lorez et al. 1988) to 30 in chaoptin (Reinke et al. 1988).
The most common length of an LRR is 24 residues, but repeats containing any
number of residues between 20 and 29 have been identified. LRR-containing
proteins are often involved in strong protein-protein interactions. Recently, the
crystal structure of the LRR-containing protein porcine ribonuclease inhibitor was
solved. This structure revealed that in this protein, which consists entirely of LRRs
of 28-29 residues, each LRR forms a B sheet followed by an o helix (Kost and
DEeISENHOFER 1993).

There is evidence that LRRs could adopt other conformations as well. In fact,
predictive analysis has suggested (F. JUrRNAk personal communication) that the
LRRs present in internalin could fold into a new type of helix observed for the first
time in the structure of pectate lyase of Erwinia chrysanthemi(CoHeN 1993; YODER
et al. 1993). This novel helix {termed a B helix) is right handed and has 22 amino
acids per turn with a pitch of 4.8°A and a rise of 0.22°A per residue. (For
comparison, the right-handed classical o. helix has 3.6 residues per turn, a pitch of
5.4°A, and a rise of 1.5°A per residue.) The role of the LRRs in the structure and
function of internalin is currently under investigation.



72 S. Dramsi et al.

4.2 Protein p60

p60 is a major extracellular protein, first described as an invasion-associated
protein (Kunn and GoegeL 1989) because strains affected in p60 production were
defective for invasion. However, more recent evidence indicates that the role of
p60 in the entry process is likely to be indirect.

p60 mutants form long chains in which the bacteria are separated by double
septa. These chains disaggregate to normal-sized single bacteria upon treatment
with partially purified p60, and these p60 disaggregated bacteria, but not those
obtained by physical disruption (ultrasonication), are able to invade 3T6 cells (Kuxn
and GoeseL 1989). Analysis of the gene coding for p60, iap, revealed that p60 is a
protein of 484 amino acids with a putative signal sequence and an extended
repeat region consisting of 19 threonine-asparagine units (KoHLER et al. 1990,
1991). Sequences homologous to iap are present in the other Listeria species
(BugerT et al. 1992). Like internalin, p60 is found in the culture supernatant and
associated with the cell wall (RuHLanD et al. 1993) (Fig. 2). Recently, it was
shown thatiapis essential and that its product, p60, has murein hydrolase activity
(WUENSCHER et al. 1993). Taken together, these results indicate that iap plays a
role in bacterial growth, possibly in normal septum formation or separation of
daughter cells, and suggest that the effect of mutations in iap on invasion are
indirect.

5 Concluding Remarks

To date, the cellular aspects of the mechanisms of entry of L. monocytogenes
into non-phagocytic cells have not been extensively investigated. A recent study
has shown that immortalized cell lines are more permissive than finite or primary
cells, suggesting that the state of differentiation may influence expression of
specific receptors, and thus entry (VELGE et al. 1994a). This observation deserves
further investigation. Two reports indicate that tyrosine kinase inhibitors block
entry of L. monocytogenes (TanG et al. 1994; Velce et al. 1994b), and one of
these further suggested that MAP kinase was phosphorylated upon attachment
of L. monocytogenes to epithelial cells (Tang et al. 1994). However, this phos-
phorylation was later shown to be due solely to the action of listeriolysin O on the
cell membrane (P. Tang and B.B. FiNLAY personal communication). Thus far, no
correlation between phosphorylation of a specific protein and the entry of
L. monocytogenes has been established.

It is clear that rearrangement of the cytoskeleton is essential for entry of
L. monocytogenes into normally nonphagocytic cells since, as previously
mentioned, bacterial uptake into such cells is inhibited by treatment with cyto-
chalasin D (GaiLLarp et al. 1987). However, in contrast to the spectacular
membrane ruffles detected in the case of Salmonella (Francis et al. 1992, 1993)
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or Shigella (Abam et al. 1995), preliminary observations indicate that no such
structures are observed upon entry of L. monocytogenes into the host cell
(J. MENGAUD, B. OHavoN, and P. CossarT unpublished results). Thus it is likely that
invasion by Listeria occurs by mechanisms that are different from those
employed by these gram-negative pathogens.

As detailed in this review, internalin is the best-characterized protein involved
in entry of L. monocytogenes into nonphagocytic cells. Formerly, bacterial pro-
teins involved in entry had been studied mainly in the case of Shigella, Salmonella,
and Yersinia species (for reviews see (FaLkow et al. 1992; FinLay 1994; MiLLEr and
Pepe 1994; ParsoT 1994; PiErson 1995). However, the only protein demonstrated
to be sufficient to mediate entry of a bacterial pathogen into mammalian cells is
invasin, a 986-amino acid outer membrane protein of Yersinia psedotuberculosis
(IsBERG 1989, 1991). Internalin and invasin do not share similarity except for the
presence of the pentapeptide FATDK, which is present in one copy at position
831-835 in invasin and in three copies (one perfect and two slightly degenerate)
in the B repeats of internalin. Invasin binds to B1 integrin receptors (IsBerG 1989,
1991), and this interaction appears to be sufficient for bacterial entry. The receptor
for internalin has not yet been identified.

In the cases of Salmonelia (FiNLAY 1994) and Shigella (ParsoT 1994), the entry
process is clearly multifactorial. The genes required for invasion by Shigella are
clustered in an approximately 30-kb region of the so-called virulence plasmid. This
region contains 33 genes clustered in two regions, the mxi-spa region and the ipa
region. The IpaB, IpaC, and IpaD proteins are prime candidates for proteins that
mediate invasion. They were first shown to be associated with the outer mem-
brane of the bacterium but are, in fact, also found in the culture medium. They do
not have a signal sequence, and their secretion depends on the mxi-spa secretion
locus. Thus, the mxi and spa mutants, like the ipa mutants, are not invasive due
to their inability to secrete the Ipa proteins. Interestingly, sequence comparisons
have revealed extensive similarities between some Mxi and Spa proteins and
Yersinia proteins involved in the secretion of the Yop proteins which are encoded
by the Yersinia virulence plasmid. In addition, representatives of the Shigella Mxi
and Spa proteins are also present in Salmonella typhimurium, and these homo-
logues are also required for invasion by these bacteria. Recent results suggest
that direct secretion of Ipas on or into the target cell might be the mechanism by
which the pathogen induces the signals leading to cytoskeleton rearrangement
and Shigella uptake. The number of genes involved and the existence of similar
proteins suggest that the mechanisms of invasion by Salmonella and Shigella
share similarities. Our present knowledge suggests that L. monocytogenes may
use mechanisms that are quite different from those employed by these two gram-
negative bacteria to gain entry into the host cell.

As a final point, it is important to indicate that the mechanism of cell-to-cell
spreading, thus far described mostly in tissue culture models, could play a very
important role in mediating bacterial spreading among different cell types in vivo.
For example, it could well be that the presence of L. monocytogenes in intestinal
cells after oral infection is due to direct cell-to-cell spreading from the M cells to
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the enterocytes, rather than to direct infection (invasion) of enterocytes. It is also
possible that in the liver, entry into hepatocytes is due mainly to direct spreading
from the Kupffer cells to the hepatocytes. Given (a) the multiple mechanisms of
cellular infection (e.g., invasion mediated by members of the internalin gene
family, direct intracytosolic cell-to-cell spreading) readily available to this patho-
gen, (b) the large number of tissues that are infected (cell and tissue tropism), and
(c) the wide host range of this bacterium (species tropism), the biology of
L. monocytogenes infection and dissemination in the infected animal is likely to
be highly complex.
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1 Introduction

1.1 Background

The enteropathogenic Escherichia coli {(EPEC) are a class of diarrheagenic E. coli
strains that induce a characteristic "attaching and effacing" effect on the host cell
cytoskeleton and membrane, but do not produce high levels of Shiga-like toxins.
EPEC strains are also distinguished by the "localized adherence" pattern by which
they form discrete microcolonies on the surface of tissue culture cells. EPEC strains
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are a leading cause of diarrhea worldwide, affecting primarily infants in developing
countries (CoseLuié et al. 1989; Cravioto et al. 1991; Kain et al. 1991; Gomes et al.
1991; EcHeverria et al. 1991; LeviNe et al. 1988). In some countries EPEC are the
number one cause of infantile diarrhea, exceeding even rotavirus in incidence
(GoMes et al. 1991; Rosins-BrowneE et al. 1980; Cravioto et al. 1988). EPEC diarrhea
is typically watery, often with associated vomiting and low-grade fever (Gowmes et al.
1991). Diarrhea due to EPEC may be severe and protracted and may require
hospitalization, intravenous rehydration, and total parental nutrition (FAGUNDES NETO
etal. 1989; HiLL et al. 1991). EPEC are thought to be transmitted primarily from
person to person (Wu and Peng, 1992), but common-source food and water
outbreaks have been described (ViLJanen et al. 1990; ScHTOEDER et al. 1968). In
developed countries outbreaks in child daycare centers have occurred (PauLozz
et al. 1986; Bower et al. 1989). Mortality due to EPEC infection continues to be a
problem in developing countries (SENErRwA et al. 1989).

1.2 Are EPEC Invasive?

EPEC are not invasive pathogens in the traditional sense. Diarrhea due to EPEC is
not usually accompanied by blood or mucus in the stool. Fecal leukocytes are
present in a minority of cases (DonnENBERG et al. 1993a). Patients with EPEC
rarely have bacteremia. Dissemination to extra intestinal sites has been described
but is a near-terminal event in fatal cases (GiLEs et al. 1949; Bower et al. 1989; Wu
and Peng 1992). Yet EPEC are capable of directing their internalization into host
cells. This capacity for cellular invasion is easily demonstrable in vitro, where
internalization efficiency can approach that of traditional invasive pathogens such
as Yersinia, Salmonella, and Shigella'. In addition, intracellular bacteria have been
observed by electron microscopy in tissue culture (DONNENBERG et al. 1989;
MiuioTis et al. 1989; ANDRADE et al. 1989), in intestinal specimens from animals
experimentally infected with EPEC (Tzirori et al. 1989; Moon et al. 1983; STALEY
et al. 1969; PoLoTsky et al. 1977), and even in biopsies from children with severe
natural infection (ULsHen and RoLLo 1980; HiLL et al. 1991).

The capacity for epithelial cell invasion by EPEC is overshadowed by the
ability of the organism to adhere to cells in great numbers. In comparison to
enteroinvasive E. coli, a much smaller fraction of EPEC bacteria associated with
tissue culture cells are internalized (RoBins-Browne and BennetT-Woop 1992).
However, even a small percentage of the large number of adherent bacteria
results in a substantial total intracellular population.

One widely used EPEC strain, E2348/69, yields variable results in gentamicin invasion assays,
depending upon the source of the strain. When acquired directly from the Central Public Health
Laboratories, London, where it has been stored lyophilized since its isolation in 1969, the strain is
resistant to streptomycin and spectinomycin, sensitive to nalidixic acid, and invades HEp-2 cells at
approximately 5-10% of the inoculum. A version of the strain acquired from the Center for Vaccine
Development, which had been stored on a slant for many years, is sensitive to streptomycin and
spectinomycin, resistant to nalidixic acid, and invades HEp-2 cells at less than 1% of the inoculum. The
latter strain, however, retains pathogenicity in volunteer studies
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Perhaps the most convincing argument for inclusion of a chapter about EPEC
in a volume devoted to bacterial invasiveness is the large amount of data relevant
to bacterial pathogenesis that has been gleaned from the study of EPEC internali-
zation. Since EPEC invasion can be dissected into discrete stages, the phenom-
enon has yielded to detailed genetic analysis and is now proving amenable to
biochemical analysis as well. Thus, a tissue culture model of EPEC infection has
become a paradigm for the study of bacterial interactions with epithelial cells
including initial adherence, intimate attachment, signal transduction events, and,
ultimately, internalization.

1.3 General Features of EPEC Invasion

EPEC are capable of invading a large number of cell types including poorly
differentiated transformed human cell lines such as Hel a, Henle 407, and HEp-2,
well-differentiated transformed human intestinal cells such as Caco-2 and T84,
primary human kidney epithelial cells, and cells of animal origin such as Madin-
Darby canine kidney cells and Chinese hamster ovary cells (DONNENBERG et al.
1989; MiLioTis et al. 1989; ANDRADE et al. 1989; RiLey et al. 1990; Francis et al.
1991; CaniL et al. 1993; author’s unpublished data). As is the case for most
bacteria capable of cell entry, internalization of EPEC can be inhibited by cyto-
chalasins, which inhibit growth of host cell actin microfilaments (DONNENBERG
et al. 1990b; ANDRADE et al. 1989; Francis et al. 1991). Unlike many traditional
invasive pathogens, however, the ability of EPEC to invade cells is also sensitive
to inhibitors to microtubule function, suggesting that these structures are also
involved in the entry process (DONNENBERG et al. 1990b; Francis et al. 1991).

In contrast to enteroinvasive E. coli, EPEC are capable of entering epithelial
cells at temperatures ranging from 32°C to 40°C (DonNENBERG et al. 1990b). Once
inside epithelial cells, EPEC appear to remain inside membrane-bound vacuoles.
The bacteria replicate intracellularly very slowly, if at all (DONNENBERG et al. 1990b;
Francis et al. 1991). EPEC are capable of passing through a polarized epithelial cell
monolayer, but only after a prolonged lag period {CanIL et al. 1993). The inability
of EPEC either to proliferate within cells or to pass rapidly through a monolayer-
may be interpreted as in vitro evidence in support of the notion that EPEC is
primarily an extracellular pathogen.

1.4 A Collection of Noninvasive Mutants of EPEC

The study of EPEC pathogenesis has been greatly facilitated by the isolation of
mutants deficient in interactions with epithelial cells (DonNENBERG et al. 1990a;
JErse et al. 1990). Among a collection of 322 TnphoA mutants of a virulent
invasive EPEC strain, 22 are severely deficient for cellular invasion (DONNENBERG
et al. 1990a). Each of these mutants produces an active alkaline phosphatase
fusion protein, indicating that in each case the transposon has inserted into a gene
that encodes an extra-cytoplasmic protein. However, five of the mutants have
more than one transposon insertion; in each case, only one insertion per mutant
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Table 1. Categories of noninvasive mutants of EPEC strain E2348/69

Category Number of mutants Defect Known genes affected
1 7 Localized adherence bfpA

2 4 Localized adherence dsbA

3 7 Intimate attachment eaeA

4 2 Signal transduction SepA

5 2 ? ?

results in an active fusion protein. Analysis of this collection by assays for
localized adherence and attaching and effacing ability, as well as by subcloning
the transposon fusion junctions, has led to the description of five categories
(Table 1). From further study of these mutants, a model of EPEC pathogenesis
has emerged that incorporates distinct stages of the interaction between
bacterium and host. Throughout this chapter, information gained through study of
these mutants will be highlighted as it relates to each step in pathogenesis.

2 Stages of Internalization

The interactions between EPEC and epithelial cells may be divided conceptually
into three stages (Fig. 1). The first interaction to be considered results in the
aggregation of bacteria into microcolonies on the surface of the cells in a pattern
called localized adherence. The second stage consists of the signal transduction
events that result in cytoskeletal damage. The third stage involves the more
intimate attachment of the bacteria to the cells. The latter two steps are collec-
tively known as the attaching and facing effect. Although it is tempting to consider
these stages within the context of a temporal progression, in reality, the order in
which they occur is not known. It may well be that the various stages take place
simultaneously. To emphasize the rationale for distinguishing three stages, in the
sections that follow intimate attachment will be discussed after initial adherence
and before signal transduction. Finally, a subset of the bacteria that have engaged
in these interactions is internalized into cells. It seems clear that invasion occurs
after the three stages listed above are completed, since mutants deficient in any
of these stages are defective for internalization and mutants capable of all three
stages, but deficient in internalization, have been described.

2.1 Initial Adherence

Cravioto et al. {(1979) were the first to note that EPEC are capable of adhering
avidly to tissue culture cells. Since the bacteria tend to form discrete micro-
colonies rather than blanketing the surface of the cells, the pattern displayed by
EPEC has been termed “localized adherence" (ScaLeTsky et al. 1984). Localized
adherence is dependent upon the presence of a large plasmid highly conserved
among EPEC strains of diverse clonal lineage (Nataro et al. 1987), which suggests
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that this plasmid has been acquired relatively recently by distantly related strains.
Loss of the plasmid is associated with loss of localized adherence ability, while
transfer of the plasmid to non-adherent laboratory E. coli strains confers this pheno-
type (BaLoivi et al. 1983). However, plasmid-cured EPEC strains remain capable of
attaching and effacing activity, albeit with delayed kinetics and lowered efficiency
in comparison to plasmid-containing strains (KNuTTON et al. 1987). Nataro et al.
demonstrated that two large continguous regions of the EPEC adherence plasmid
are necessary for localized adherence. Recombinant strains containing both
regions on separate plasmids are capable of localized adherence, whereas
strains containing each region alone remain non-adherent (Nataro et al. 1987).

EPEC strains that possess the EPEC adherence plasmid are invasive for
tissue culture cells, while strains that lack the plasmid, whether laboratory-cured
or natural plasmid-free isolates, are approximately 100-fold less efficient at cell
invasion (DonNENBERG et al. 1989). Among the collection of non invasive EPEC
TnphoA mutants are two categories deficient in localized adherence (DONNENBERG
et al. 1990a). One group consists of seven mutants with insertions that map
within 500 base pairs of the 90 000 bp adherence plasmid. The other group
includes four mutants with insertions that map together on the EPEC chromo-
some. Mutants from both groups, while deficient in initial adherence, neverthe-
less remain capable of the subsequent steps of signal transduction and intimate
attachment. The invasion defect in these mutants appears to result from ineffi-
cient initial adherence which reduces the number of bacteria available for later
events in pathogenesis. These mutants will be discussed in more detail below.

2.1.1 The Bundle-forming Pilus

Under specific conditions EPEC are capable of producing a flexible fimbria,
termed the bundle-forming pilus (BFP) because of its tendency to form rope-like
aggregates (GiroN et al. 1991). BFP are detected exclusively in strains of EPEC
that possess the adherence plasmid. An antiserum raised against purified BFP
partially inhibits localized adherence.

Analysis of the first group of invasion-deficient mutants resulted in the
identification of the bfpA gene encoding bundlin, the major structural subunit of
BFP (DonNENBERG et al. 1992). The bfpA gene is located near one end of one of the
two fragments reported by NATARO et al. (1987) to be necessary for reproducing
the localized adherence phenotype in a laboratory E. coli strain. Other investiga-
tors using a different approach reported the identical sequence from an unrelated
EPEC strain (SoHEL et al. 1993). The deduced amino acid sequence of bundlin
confirms that BFP belong to the type-IV family of pili. Members of this family
include pili from Pseudomonas aeruginosa, Neisseria gonorrhoeae, Vibrio
cholerae, and several other pathogenic and non pathogenic gram-negative spe-
cies (Hoees and Matmick 1993). Like other members of the family, bundlin is
processed from a precursor by a specific prepilin peptidase that removes a
characteristic prepilin leader sequence. This enzyme is encoded by the bfpP
gene, located 7.5 kb downstream of bfpA (ZHanG et al. 1994). The EPEC prepilin
peptidase shows approximately 30% sequence identity with similar enzymes
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from other species that produce type-lV fimbriae. The BfpP protein shows
reciprocal functional homology with the enzyme from P. aeruginosa. The EPEC
enzyme can functionally complement a P. aeruginosa strain with a mutation in its
prepilin peptidase gene, and P. aeruginosa can process pre-bundlin.

Attempts to complement bfpA::TnphoA mutants revealed that the minimum
fragment required to restore localized adherence is 11.2 kb (K.D. Stone and
M.S. DonnenBerG unpublished data). In contrast, to confer localized adherence
upon a laboratory strain that carries the second region of NATARO et al. (1987)
required for adherence (see above), a fragment containing an additional 1.6 kb
downstream of bfpA is needed. In total, as many as 24 kb may be required for the
localized adherence phenotype. The DNA sequence of the 12.8-kb fragment
reveals the presence of 14 contiguous open reading frames (ORFs) including bfpA
and bfpP. While several of these ORFs resemble genes previously associated
with biogenesis of type-IV fimbria, at least three are novel. It is not yet known
whether all of these genes encode proteins necessary for synthesis and function
of BFP and what, if any, role each product plays. Furthermore, the only gene
known to be encoded by the other fragment necessary for localized adherence is
a positive regulator of EPEC virulence genes, including bfpA (see Sect. 2.5). It is
not yet clear whether this regulator alone is sufficient to confer localized adher-
ence in conjunction with the 14 bfp genes. It seems likely that several as yet
undefined genes encoded on the EPEC adherence plasmid adjacent to the bfp
cluster are required for localized adherence. Further analysis of these genes and
their products should improve our understanding of type-IV fimbrial biogenesis.

2.1.2 The dsbA Locus

Analysis of the EPEC sequences adjacent to the sites of transposon insertion in
the other category of noninvasive mutants deficient in localized adherence
revealed that these mutants have disruptions of the dsbA locus (H.-Z.ZHaNG and
M.S. DonneNBerG unpublished data). This gene encodes a periplasmic enzyme
required for efficient disulfide bond formation in a variety of proteins (BARDWELL
et al. 1991; Kamirani et al. 1992). Phenotypes associated with mutations of dsbA
or homologues in other species include reduced activity of alkaline phosphatase
(BAarRDWELL et al. 1991; Kamitani et al. 1992), defective assembly of flagella (DaiLey
and Berc 1993), reduced transcription of outer membrane proteins (PuGsLey
1993}, reduced adherence and cholera toxin secretion in V. cholerae (Peex and
TayLor 1992; Yu et al. 1992), absence of transformation in Hemophilus influenzae
(Tome 1992), and reduced secretion of cellulase in Erwinia spp. (BORTOL-GERMAN
et al. 1994). In addition, the ability to make F pili (BARDweLL et al. 1991) and P
fimbriae, but not type-l fimbriae (Jacoe-Dusuisson et al. 1994), is lost in dsbA
mutants. In V. cholerae, the adherence phenotype associated with its type-IV
fimbria is lost when the dsbA homologue is mutated. However, the pili are still
produced (Peexk and TayLor 1992).

The loss of localized adherence in EPEC dsbA mutants suggests that some
protein involved in BFP hiosynthesis or function has a periplasmic phase of
export (H.-Z. ZHang and M.S. DonnenBerG unpublished data). This is a matter of
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importance, in that no periplasmic stage of export has been described for type-IV
fimbriae. One candidate for a DsbA substrate is bundlin itself. Like most pilus
subunits, bundlin possesses two cysteine residues toward its carboxyl terminus
that are predicted to form a disulfide loop. To test whether this bond is necessary
for BFP function, cysteine for serine missense mutations were engineered into
the bfpA gene and exchanged for the wild-type allele in the EPEC background.
Both Cys—Ser mutants were found to be deficient in localized adherence,
confirming the importance of the disulfide loop in function and supporting the
hypothesis that bundlin could be a DsbA substrate (H.-Z.Zvang and M.S.
DonnengerG unpublished data). Further experiments will determine whether
bundlin can act as a DsbA substrate in vitro.

2.2 Intimate Attachment

2.2.1 Attaching and Effacing

The hallmark of EPEC infection is the ability of the organism to attach intimately
to epithelial cells and efface microvilli (Fig. 2¢). This interaction was first de-
scribed by StaLey et al. (1969), while the term "attaching and effacing" was coined
years later by Moon et al. (1983). The bacteria adhere to the epithelial cells at a
distance of only 10 nm. Microvilli directly beneath the organisms vesiculate and
are lost, while those adjacent to bacteria become elongated (KnutTon et al. 1987).
The epithelial cell embraces the bacterium in cuplike pedestals. Cytoskeletal
proteins including actin, talin, ezrin, and o-actinin accumulate in the cytoplasm
immediately underlying the adherent bacteria (KnuTTON et al. 1989; FiNLAY et al.
1992). By fluorescent microscopy, these cytoskeletal proteins are so concen-
trated and localized beneath the bacteria that it almost appears as though the
organisms themselves are the source of the signal. However, by confocal
microscopy it is clear that the fluorescence emanates from the host cell directly
beneath the bacteria (FiNLAY et al. 1992). In tissue culture, the pedestals become
progressively elongated, resembling the protrusions seen in cells infected with
Listeria monocytogenes or Shigella flexneri except that in the case of EPEC, the
bacteria are outside the cell membrane {l. RosensHINE and B. FiNLAY unpublished data).

The attaching and effacing interaction can be separated into intimate attach-
ment and signal transduction events, based on the analysis of mutants deficient
in each aspect of the process. The signal transduction events will be discussed in
Sect 2.3.

2.2.2 Intimin

The eaeA gene was first described by Jerse et al. (1990), who analyzed plasmid-
cured TnphoA mutants deficient in attaching and effacing. In addition to these
mutants are five eaeA::TnphoA mutants among the seven noninvasive mutants
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from category 3 (DoNNENBERG et al. 1990a). Closely related eae genes are found in
other bacteria capable of attaching and effacing, including enterohemorrhagic
E. coli (EHEC) (Yu and Kaper 1992; BeesakHEe et al. 1992), Citrobacter freundii
biotype 4280 (ScHauer and FaLkow 1993a), and some strains of Hafnia alvei (ALBERT
etal. 1992; FrankeL etal. 1994). The eaeA gene encodes as 94-kD outer-
membrane protein known as intimin, that is recongnized by convalescent sera
from volunteers experimentally infected with EPEC (Jerse and Karer 1991).
Mutants with transposon insertions or deletions in eaeA perform localized adher-
ence normally but are incapable of intimate attachment to epithelial cells
(DonnenBERG et al. 1990a; DonnensBerg and Kaper 1991). Recombinants with
mutations in similar genes of EHEC and C.freundii biotype 4280 fail to cause
attaching and effacing lesions in animals (DonNENBERG et a. 1993b; ScHauer and
FaLkow 1993b). Nevertheless, EPEC eaeA mutants retain the ability to transduce
signals to cells that result in tyrosine kinase activation and cytoskeletal changes
(DoNNENBERG etal. 1990a; RosensHINE etal. 1992). The role of intimin in
pathogenesis was confirmed by a randomized, double-blind volunteer trial in
which diarrhea developed in all 11 recipients of wild-type EPEC strain, but in only
four of 11 recipients of an isogenic eaeA deletion mutant (DONNENBERG et al.
1993a). Recipients of the mutant also had less severe illness and less fever. While
the mucosal response to infection in the two groups was equivalent, the systemic
response was significantly diminished in volunteers who received the eaeA
mutant. The reduced incidence of fever and reduced systemic immune response
could reflect in vivo consequences of diminished cellular invasion by the eaeA
mutant. The residual diarrhea seen in some volunteers who ingested the eaeA
mutant strain indicates that intimin is not solely responsible for virulence and
correlates well with the retained ability of the mutant to cause cytoskeletal
damage in vitro.

Intimin is related to the invasin proteins of Y. pseudotuberculosis and
Y. enterocolitica. Invasin binds avidly to members of the B, family of integrin
molecules to allow efficient cellular invasion (IsBerG and LEonG 1990; TRAN VAN
NHieu and IsBerG 1993; see also chapter by R.R.IsBeRG in this volume). In contrast,
intimin, although necessary for invasion by EPEC, is not sufficient to confer this
phenotype on noninvasive laboratory E. coli strains. The sequences of intimins
and invasins are most closely related near the amino terminus (Yu and Kaper
1992), a portion of the invasin molecule that is required for insertion in the outer
membrane (IsBerc 1989). In contrast, the carboxyl terminus of invasin, which
contains the receptor-binding domain, is far less similar to intimin.

Given the phenotype of eaeA mutants and the sequence similarities with
invasin, intimin is predicted to be the intimate adhesin responsible for close
attachment to epithelial cells. Direct evidence for this is limited. However,
recombinant proteins consisting of maltose-binding protein fused to intimin have
been reported to bind to epithelial cells (FRankeL et al. 1994).
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2.3 Signal Transduction

Cells infected with enteropathogenic E. coli undergo profound morphological
changes characterized by loss of microvilli, accumulations of cytoskeletal proteins
beneath attached bacteria, and rearrangements of the plasma membrane. Ulti-
mately, by a process that is poorly understood, net fluid secretion develops
culminating in diarrhea. It is evident that the bacteria interrupt or usurp vital
signaling pathways in the cell to accomplish these dramatic effects. Although the
details of these signaling pathways and the means by which EPEC exploit them
remain to be described, progress in identifying some of the steps in signaling has
been made. EPEC induce elevations in cytoplasmic calcium and inositol 1, 4, 5-
triphosphate levels (Balowin etal. 1991; FousisTer et al. 1994b; Dytoc et al.
1994). Attaching and effacing lesions can be blocked by inhibitors that prevent
the rise in intracellular calcium (DyToc et al. 1994; BaLbwin et al. 1993). Although
eaeA mutants, deficient in intimate attachment, fail to cause a rise in intracellular
calcium (Dytoc et al. 1994), they do stimulate an inositol phosphate flux (FousisTER
etal. 1994h). The role of signaling through calcium and inositol phosphate
pathways in internalization of EPEC has not been experimentally addressed, but
the inositol phosphate flux still occurs when invasion is prevented with cyto-
chalasin D, inticating that extracellular EPEC can signal the cell (FousisTeER et al.
1994b).

2.3.1 Role of Tyrosine Kinases in Internalization

Internalization of EPEC into several cell lines can be inhibited by genestein, a
specific tyrosine kinase inhibitor (RosensHINE et al. 1992). This result suggests
that EPEC invasion is dependent upon signaling through tyrosine kinases. Fur-
thermore, the inositol phosphate flux induced by EPEC can be blocked by
genestein, suggesting that EPEC-induced tyrosine kinase activation is proximal to
the inositol phosphate rise in the signaling cascade (FousisTer et al. 1994b). The
direct participation of tyrosine kinase signaling in induction of the attaching and
effacing effect is suggested by co-localization of tyrosine phosphorylated proteins
with cytoskeletal proteins directly beneath attached bacteria (ROSENSHINE et al
1992). The identity of the specific tyrosine kinase or kinases activated by EPEC is
unknown, and the tyrosine kinase substrates phosphorylated in response to
EPEC have not been well characterized, but monoclonal antibodies against
phosphotyrosine recognize proteins of 90 kD, 72 kD, and 39 KD in epithelial cells
infected with EPEC (RosensHINE et al. 1992). Similar proteins are recognized in
cells infected with an EPEC strain cured of its adherence plasmid and in cells
infected with eaeA mutants of EPEC, observations which indicate that neither
BFP nor intimin are required for tyrosine kinase activation. However, the two
mutants from the fourth category of non invasive TnphoA mutants fail to induce
tyrosine phosphorylation of host cell proteins. These same mutants fail to induce
accumulation of filamentous actin beneath the sites of bacterial attachment
(DonNENBERG et al. 1990a) and fail to induce an inositol phosphate flux (FousisTeER
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et al. 1994b). In contrast, eaeA mutants retain the ability to induce accumulations
of actin. Thus failure to stimulate tyrosine kinase activation is correlated with
inability to cause cytoskeletal disruptions.

Category-4 mutants and eaeA mutants are defective in different stages of
invasion. Intimin is involved in the intimate attachment of the bacterium to the
epithelial cell, while the products of the genes disrupted in category-4 mutants are
involved in tyrosine kinase-mediated signaling. To examine the possibility that
category-4 mutants and eaeA mutants could trans-complement each other,
epithelial cells were simultaneously infected with both types of mutants and the
invasive ability of each mutant was measured. When co-infected with an eaeA
mutant, either category-4 mutant is able to invade Hela cells at nearly wild-type
levels (RosensHINE et al. 1992). However, the eaeA mutants remain severely
deficient for invasion in the presence of either category-4 mutant. This result can
be explained as follows: The category-4 mutant, which is able to produce intimin,
can come into close contact with the epithelial cell but is unable to signal the cell.
When an eaeA mutant is present, it signals the cell to allow internalization of the
category-4 mutant. In contrast, the eaeA mutant, positioned at a distance from the
cell, is unable to enter, even in the presence of the category-4 mutant. This
unidirectional transcomplementation suggests that a soluble factor, either pro-
duced by the eaeA mutant or induced in the epithelial cell by this mutant, is able
to diffuse to the site of the attached category-4 mutant to allow entry.

2.3.2 A Putative Secretory Apparatus

The genetic defect responsible for the lack of tyrosine kinase-mediated cell
signaling by one of the category-4 mutants has recently been described (JArvis
et al. 1995). Although this mutant has two TnphoA insertions, one insertion is in
a region of the EPEC chromosome common to K-12 E. coli, while the other
insertion is in a region absent in K-12 strains. The DNA sequence near the site of
the insertion specific to EPEC revealed several genes with predicted products
similar to products of virulence loci from other plant and animal pathogens. These
products include the Spa and Inv proteins of Salmonella typhimurium (GaLAN et al.
1992, GinoccHio etal. 1992, GroismaN and OcHman 1993), the Spa and -Mxi
proteins of S. flexneri (ANDREws etal. 1991; Anprews and MauUReLLl 1992;
VENKATESAN et al. 1992), and some of the Lcr and Ysc proteins of Y. enterocolitica
(PLano et al. 1991; MicHiELs et al. 1991). All of these proteins are necessary for
the secretion of soluble virulence factors, such as the Ipa proteins of Shigella
(MenaARD etal. 1993) and the Yops of Yersinia {STRaLEY et al. 1993), and are
hypothesized to form a secretion apparatus that exports such proteins beyond the
outer membrane of the bacteria. Thus far, four such genes have been described
in EPEC and denoted sepA-D (Jarvis et al. 1995). The site of the TnphoA insertion
in one of the category-4 mutants has been localized to sepA. An additional mutant,
engineered to contain a kanamycin-resistance gene insertion in the sepB gene, is
deficient in inducing cytoskeletal alterations in tissue culture cells and fails to
induce phosphorylation of the 90-kD host cell tyrosine kinase substrate.
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If EPEC possess a secretion apparatus, what proteins are secreted? Kenny
and Fineay and Jarvis et al. independently reported several proteins in super-
natants of EPEC grown in tissue culture medium (Jarvis et al. 1995; Kenny and
FinLay 1995). Both groups found that category-4 mutants fail to export most of the
secreted proteins identified. In addition, the sepB mutant fails to export these
proteins (Jarvis et al. 1995). Thus EPEC mutants deficient in signal transduction
have mutations in genes proposed to be involved in secretion of several proteins.
These secreted proteins are candidates for effector molecules that initiate
tyrosine kinase-dependent signal transduction events in the host cell.

2.3.3 EaeB, a Secreted Protein Necessary for Intimate Attachment
and Signal Transduction

Located 5 kb downstream of the eaeA gene is a locus known as eaeB that is
required for attaching and effacing activity. The eaeB gene was identified by
analyzing plasmids required to restore attaching and effacing ability to the two
non invasive mutants from category three that have TnphoA insertions down-
stream of eaeA. A mutant engineered to have an in-frame deletion within eaeB is
not only incapable of intimate attachment to epithelial cells like the eaeA mutant
(DonnENBERG et al. 1993c), but is also deficient in tyrosine kinase-mediated signal
transduction and fails to cause an inositol phosphate flux, like category-4 mutants
(FoumisTer et al. 1994a). Both intimate attachment and signal transduction activi-
ties are restored by reintroduction of the eaeB gene to the mutant on a plasmid.
Furthermore, co-infection of epithelial cells with eaeA and eaeB deletion mutants
restores wild-type attaching and effacing lesions and enhances invasion (Fig. 2).
This transcomplementation, like that between eaeA mutants and category-4
mutants, is unidirectional. Only internalization of the eaeB mutant is increased by
co-infection; the eaeA mutant remains outside the cell (FousisTer et al. 1994a).

Amino acid sequencing of proteins that are secreted by wild-type EPEC but
not category-4 mutants revealed that one of these proteins is EaeB (Kenny and
FinLay 1995). The discovery that the EaeB product is one of the sep-dependent
secreted proteins helps to clarify the transcomplementation results. Thus EaeB is
secreted, presumably by the apparatus encoded by the sep genes, and is capable
of diffusion from the eaeA mutant either to the eaeB mutant or to the epithelial
cell. Once supplied with the function of the EaeB protein, the eaeB mutant
becomes capable of signal transduction, intimate attachment, and invasion.

The precise function and target of the EaeB protein are unknown. Recently a
gene from S.typhimurium that encodes a secreted protein with limited sequence
similarities to EaeB has been identified {CoLiazo et al. 1995). Mutations in the
Salmonella locus eliminate tyrosine kinase-mediated signal transduction by that
species as well. The sequence of the eaeB gene predicts a protein that contains
a pyridoxal phosphate-binding site, but binding of this cofactor has not been
demonstrated experimentally.
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2.4 The Locus of Enterocyte Effacement

The eaeA gene, the eaeB gene, and the sep genes all map to a single Not/
restriction fragment by pulse-field gel electrophoresis (McDaniEL et al. 1995).
Further mapping using cosmid clones has revealed that all of these loci reside on
a common 35-kb pathogenicity island (Fig. 3). Probes from the entire length of
this virulence cassette hybridize to DNA from all EPEC and EHEC tested, as well
as other attaching and effacing species, but not to other E.coli. The cassette has
been termed the locus of enterocyte effacement, or LEE. The sequences adja-
cent to the LEE hybridize with bacteriophage clones from 82 min of the K-12
chromosome, and the sequence of the boundaries of the LEE reveals that it is
inserted at the selC gene, which encodes the selenocysteine tRNA. The precise
site of insertion is identical to the site of insertion of a pathogenicity island in
uropathogenic E. coli that includes the genes for hemolysin production. In
addition, at least one end of the EPEC and one end of the uropathogenic E. coli
inserts display remarkable sequence identity (McDaNIEL et al. 1995),

In addition to the loci already described, the LEE includes three ORFs
between eaeA and eaeB. The nucleotide sequence of one of these ORFs predicts
a protein with an amino terminus identical to that of one of the sep-dependent
secreted proteins (Kenny and FinLay 1995). In addition, downstream of eaeB are
three more kilobases of sequence prior to the junction of the selC gene. An omega
interposon insertion immediately downstream of eaeB disrupts attaching and
effacing, suggesting that these sequences include additional genes required for
EPEC pathogenesis.

Fig. 3. Map of the locus of enterocyte effacement (LEE). Mutations affecting invasion or attaching
and effacing are depicted above the locus, including sites of insertion of transposon TnphoA in
category-4 mutants (cfm74::TnphoA and cfm27::-TnphoA) and a category-5 mutant (30::TnphoA). Also
shown is the site of an omega interposon insertion. Arrows within the LEE depict genes or open
reading frames, while designations below the fragment show the names of the genes described thus
far. The site of insertion of the LEE relative to the K-12 genome at the selC gene is indicated by the
broken lines. Downstream of selC is an open reading frame of unknown function that has undergone
a deletion, indicated by the hash mark, in EPEC strains
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Upstream of eaeA in the LEE are the sep loci. Between sepB and sepCis a
small gene that has not yet been named. It is the site of TnphoA insertion in a
noninvasive mutant from the fifth category. This mutant is capable of localized
adherence and intimate attachment (R.P.Rasinowitz and M.S. DONNENBERG unpub-
lished data). It forms attaching and effacing lesions that, by electron microscopy,
are quantitatively and qualitatively indistinguishable from the wild type. Yet this
mutant is severely defective in its ability to invade epithelial cells. Further
characterization of this mutant is in progress.

Finally, near the end of the LEE, opposite to eaeB, is the site of one of the two
TnphoA inserts from the other category-4 mutant (McDanieL et al. 1995). The
gene into which the transposon has inserted in this mutant has not yet been
characterized.

2.5 Regulation of EPEC Virulence Factors

The expression of several EPEC virulence factors involved in invasion is respon-
sive to culture conditions. Growth in tissue culture medium enhances expression
of intimin (Jerse and Kaper 1991), BFP (DoNNENBERG et al. 1992; Vuorio-VaRrkiLa and
ScHoownik 1991), and the secreted proteins including EaeB (Jarvis et al. 1995;
Kenny and FinLay 1995). The increased expression of all of these proteins under the
same culture conditions suggests that EPEC virulence factors are coordinately
regulated.

The ability of plasmid-cured strains of EPEC to invade tissue culture cells is
reduced in comparison to that of strains carrying the EPEC adherence plasmid
(DONNENBERG et al. 1989; Francis et al. 1991). The demonstration that TnphoA
insertions in the bfpA gene eliminate localized adherence (DONNENBERG et al.
1992) and reduce invasion (DoNNENBERG et al. 1990a) provides a partial explana-
tion for this observation. There may be an additional explanation as well. The
presence of the adherence plasmid increases expression of the eaeA gene (JERSE
and Karer 1991). A fragment containing a putative positive regulatory factor has
been subcloned from the adherence plasmid (Gomez 1994). In the presence of a
plasmid containing the cloned factor, expression of eaeA, eaeB, and bfpA are all
increased at the transcriptional level. The locus responsible has been called per
for Plasmid-encoded regulator. Further characterization of peris in progress.

3 Other Internalization Systems

FLETCHER et al. (1992) reported that a fragment subcloned from a plasmid found in
an 0111:H- EPEC strain is capable of directing invasion of a laboratory E. coli
strain. The plasmid from which the fragment was subcloned is distinct from the
EPEC adherence plasmid that contains bfbA, which is also present in the EPEC



94 M.S. Donnenberg

strain used. The 4.5-kb fragment, when cloned in a moderate copy number
vector, directs invasion of HEp-2 cells at a level that is 1000-fold higher than the
laboratory strain carrying the vector alone, but this level is also 30-fold higher than
the laboratory strain carrying the entire plasmid from which the fragment was
subcloned. This difference suggests that the copy number of the subcloned locus
may influence its ability to direct invasion. DNA hybridization using the colned
fragment revealed that it is present in a minority of EPEC strains. Further
characterization of the fragment has not been reported.

4 Summary and Conclusions

EPEC are capable of efficient invasion into a variety of cell lines in vitro. The
significance of this cellular invasion in the development of disease is not known,
but the analysis of mutants deficient in the process has allowed the dissection of
EPEC cellular pathogenesis into three distinct stages. These stages are coordi-
nated by a plasmid-encoded regulator and may occur simultaneously. Initial
adherence is associated with the production of a type-IV fimbria called the bundle-
forming pilus. More than 14 genes encoded on the large EPEC palsmid, as well as
a chromosomal gene encoding a periplasmic disulfide bond-forming enzyme, are
required for biogenesis and function of the bundle-forming pilus. The second
stage consists of signal transduction events directed by the bacterium, which
include activation of host cell tyrosine kinase activity, resulting in inositol phos-
phate and calcium fluxes and disruptions of the host cell cytoskeleton. EPEC
secrete several proteins, including the product of the eaeB gene which is required
for the signal transduction events. Secretion of these proteins is dependent upon
genes that resemble loci with a similar function in other invasive enteric patho-
gens. The third stage, intimate attachment of EPEC to the host cell, requires
intimin, an outer-membrane protein related to the Yersinia invasins. The genes
encoding the putative secretory apparatus, intimin, EaeB, and other products
required for invasion are located within a contiguous 35-kb locus of enterocyte
effacement that is inserted at a specific site relative to the K-12 E. coligenome in
many EPEC strains.

Further studies of the genes and gene products required for EPEC invasion
are likely to clarify EPEC pathogenesis. Priorities for future work include identify-
ing the effector molecules of EPEC signal transduction and the targets of these
factors, identifying receptors for the putative EPEC ligands intimin and the bundle-
forming pilus, and elucidating the cascade that ensues in the target cell and
results in fluid secretion. Further analysis of interactions between EPEC and host
cells is likely to have broad implications for the understanding of bacterial
pathogenesis.
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1 Introduction

Legionella pneumophila is a gram-negative bacterium that causes legionnaires’
disease. This organism is widespread in fresh water and is typically found
growing in association with protozoans and blue-green algae. In human beings,
L. pneumophila infects alveolar macrophages, wherein the organism survives
and replicates within a specialized phagosome or vacuole (the Legionella-special-
ized phagosome, LSP). The interaction between L. pneumophila and human
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mononuclear phagocytes has been studied in considerable detail, and it provides
an interesting and informative example of how one organism successfully
achieves intracellular parasitism.

L. pneumophilais a facultative intracellular pathogen, but in contrast to many
such organisms, L. pneumophila does not grow in tissue culture medium.
Consequently, any growth that is observed in cultured cells is due to intracellular
multiplication. This facilitates the study of factors that are important exclusively
for growth inside host cells and constitutes a significant technical advantage of
the Legionella model. In addition, a variety of genetic tools have been developed
for Legionella, rendering it readily amenable to genetic analysis.

The central issues which have been under investigation are: How does
L.pneumophila gain entry into macrophages? What are the molecular characteris-
tics of the organism’s phagosome, and with what host cell organelles does the
phagosome interact? How does the organism survive the antimicrobial capacities
of the macrophage? Finally, which genes or gene products are critical for
intracellular survival and multiplication? The following sections describe results
obtained by studying both the cell biology and the genetics of this host-pathogen
interaction.

2 Phagocytosis

2.1 Morphology

L. pneumophila enters phagocytes, including monocytes, alveolar macrophages,
and polymorphonuclear leukocytes, by a process termed coiling phagocytosis, in
which long phagocyte pseudopods coil around the organism as it is internalized
{Horwitz 1984). The coiling phenomencn is not unique to L. pneumophila. Other
organisms, including the intracellular pathogens Leishmania donovani (CHANG
1979) and Chlamydia psittaci (Wyrick and BrRowNRrIDGE 1978) and the pathogens
Trypanosoma brucei (STevens and Moulton 1978) and Borrelia burgdorferi
(Szczepranski and FLEIT 1988) have also been observed entering phagocytes within
a pseudopod coil. The relationship, if any, of the coiling phenomenon to intra-
cellular pathogenesis is not known. While the intracellular pathogens just noted
enter by coiling, other intracellular pathogens enter by conventional phagocytosis;
these include Mycobacterium tuberculosis (ScHLESINGER et al. 1990), Mycobact-
erium leprae (ScHLESINGER and HorwiTz 1990a, b), and Trypanosoma cruzi (NOGUIRA
and CoxN 1976; TanowiTz et al. 1975).

Coating L. pneumophila with antibody against the organism neutralizes the
coiling phenomenon; such organisms enter phagocytes by conventional phago-
cytosis (Horwitz 1984). Beyond its effect on the morphology of entry, anti-
L. pneumophila antibody in the presence of complement promotes uptake of
L. pneumophila and allows phagocytes to kill about half the ingested organisms
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(Horwitz and SiLversTEIN 1981a). The surviving organisms are evidently unaffected,
as they multiply in monocytes at the same rate as organisms that enter phago-
cytes in the absence of antibody (HorwiTz and SiLversTEIN 1981b).

2.2 Receptors and Ligands

L. pneumophila phagocytosis is mediated by a three component receptor-ligand-
acceptor molecule system consisting of complement receptors on human mono-
nuclear phagocytes (CR1 and CR3 on monocytes), fragments of complement
component C3 fixed to the bacterial surface, and the major outer-membrane
protein (MOMP) of L. pneumophila, the C3 acceptor molecule in the bacterial
outer membrane (PAayNE and Horwitz 1987, BELLINGER-KawaHARA and HorwiTz 1990)
(Fig. 1). C3 fixes selectively to the MOMP by the alternative pathway of comple-
ment activation (BELLINGER-KawaHARA and Horwitz 1990). Components of this
phagocytic system have been studied in relative isolation. MOMP incorporated
into unilamellar liposomes fixes C3 avidly, in contrast to liposomes not containing
MOMP, and the liposome-MOMP-C3 complexes are readily ingested by human
monocytes and incorporated into membrane-bound phagosomes (BELLINGER-
KawaHara and HorwiTz 1990).

Complement receptors of mononuclear phagocytes play a general role in
mediating phagocytosis of intracellular pathogens (PAvynE and Horwitz 1987). In
addition to L. pneumophila, they have been shown to mediate uptake of several
intracellular bacteria including Mycobacterium tuberculosis (SCHLESINGER et al.
1990), Mycobacterium leprae (ScHLESINGER and HorwiTz 1990a, b), Mycobacterium

Fig. 1. Three-component phagocytic system mediating uptake of L. pneumophila. Phagocytosis by
human monocytes is mediated by phagocyte complement receptors (CR1, CR3), fragments of
complement component C3 (C3b, C3bi), and major outer-membrane protein {(MOMP) in the bacterial
outer membrane. (from HORwWITZ 1993)
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avium (Bermupez et al. 1991), Listeria monocytogenes (DRevers and CAMPBELL
1991), Bordetella pertussis (SAUKKONEN etal. 1991), the fungus Histoplasma
capsulatum (BurLock and WRIGHT 1987), and the parasites Leishmania donovani
(BLackweLL et al. 1985); WiLson and Pearson 1987) and Leishmania major (MoSSer
and EpeLsoN 1985). It has been suggested that the complement receptor pathway
allows safe passage of pathogens into the mononuclear phagocyte (PAYNE and
Horwitz 1987), since ligation of complement receptors by particles coated with
fragments of complement component C3 does not trigger an oxidative burst and
the release of toxic oxygen metabolites (WRIGHT and SILVERSTEIN 1983; YAMAMOTO
and JoHNsTON 1984).

2.3 Membrane Sorting

During phagocytosis of L.pneumophila, plasmna membrane components of the
monocyte are rapidly sorted into or out of the nascent phagosome (CLEMENS and
Horwiz 1992). Complement receptor CR3, which mediates uptake of the organ-
ism, is concentrated in the nascent phagosome. In contrast, class-l and -Il MHC
molecules are excluded from the nascent phagosome. Paralleling the sorting of
these receptors, proteins of the plasma membrane can either be concentrated
(e.g., b'-nucleotidase) or excluded from (e.g., alkaline phosphatase) the nascent
phagosome. Thus, even before the nascent phagosome is formed, the phago-
somal membrane has been remodeled, such that it differs markedly from the
plasma membrane from which it is derived.

3 The Phagosome

3.1 Organelle Recruitment

After phagocytosis, L. pneumophila resides and multiplies in a membrane-bound
phagosome throughout its life cycle in the mononuclear phagocyte. Within a few
moments of entry, the phagosome undergoes a series of remarkable interactions
sequentially with smooth vesicles, mitochondria, and ribosomes of the host cell
(HorwiTz 1983a). After 4-8 h, a ribosome-lined replicative vacuole is formed. The
organism multiplies within the vacuole with a doubling time of approximately 2 h
at mid-log phase (Horwitz and SiLversTEIN 1980) (Fig. 2).

3.2 Inhibition of Phagosome-Lysosome Fusion
and Acidification

Two noteworthy features of the L. pneumophila phagosome are that it does not
fuse with lysosomes (Horwitz 1983b) and it does not become highly acidified
{Horwitz and MaxrieLD 1984). In these respects, the L. pneumophila phagosome
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Fig. 2. Intracellular pathways of wild-type and avirulent mutant L. pneurnophilfa in mononuclear
phagocytes. Both the wild-type and avirulent mutant (25D) enter by coiling phagocytosis, but
thereafter their pathways diverge. The wild-type phagosome interacts sequentially with smooth
vesicles, mitochondria, and ribosomes, whereas the avirulent mutant does not recruit these
organelles. The phagosome of the wild-type L. pneumophila, but not the avirulent mutant, avoids
fusion with lysosomes. The wild-type organism multiplies in the ribosome-lined phagosome until the
monocyte becomes full of bacteria and disintegrates. The mutant survives but does not multiply in its
phagolysosome, and it does not destroy the monocyte. (from HORwITZ 1989)

resembles those of Mycobacterium tuberculosis (ARMSTRONG and HarT 1971,
CrowtE et al. 1991) and Toxoplasma gondii (Jones and HirscH 1972; SiLEY et al.
1985). However, recent studies have indicated that the L. pneumophila and M.
tuberculosis phagosomes are distinct in other respects (see below).

3.3 Molecular Characteristics

After phagocytosis, the L. pneumophila phagosome rapidly becomes devoid of
plasma membrane, endosomal class-ll vesicles, and lysosomal markers including
class-l and -Il MHC molecules, transferrin receptors, and lysosome-associated
membrane glycoproteins (CD63, LAMP1, and LAMP2), as studied by the cryo-
section immunogold technigue (CLemens and Horwitz 1993, 1995). This is in
contrast to the M. tuberculosis phagosome, which exhibits delayed clearance
of class-| MHC molecules, frequent staining for class-ll MHC molecules and the
endosomal marker transferrin receptor, and relatively weak but frequent staining
for the late endosomal/lysosomal markers CD63, LAMP1, and LAMP2 (CLEMENS
and Horwitz 1995). Thus, the intraphagosomal pathway, i.e., the pathway
followed by pathogens such as L. pneumophila and M. tuberculosis that inhibit
phagosome-lysosome fusion, is heterogeneous.
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3.4 Avirulent Mutant Phagosome

The phagosome of an avirulent mutant L. pneumophila (Mutant 25D) which is
unable to multiply intracellularly in human monocytes (HorwiTz 1987) or cause
disease in guinea pigs (BLANDER et al. 1989) differs markedly from the wild-type
phagosome, although both enter by coiling phagocytosis (Fig. 2). In contrast to
the wild-type phagosome, the avirulent mutant phagosome does not interact with
monocyte smooth vesicles, mitochondria, and ribosomes, and it does not inhibit
phagosome-lysosome fusion (Horwitz 1987). Also in contrast to the wild-type
phagosome, the avirulent mutant phagosome displays abundant lysosome-asso-
ciated membrane glycoproteins (D.L. CLemens and M.A. Horwrz unpublished
data).

4 Role of Iron in Intracellular Pathogenesis

4.1 Iron Acquisition

L. pneumophila, which has no known siderophores, requires an unusually high
concentration of iron for growth on artificial medium. Inside monocytes,
L. pneumophila evidently readily obtains iron from the intermediate labile iron
pool of the host cell (Byrp and Horwitz 1989, 1991a, 1991b, 1993). This pool
derives its iron primarily from iron-transferrin via transferrin receptors, iron-
lactoferrin via lactoferrin receptors, and the iron storage protein ferritin, which
recycles iron to the pool. Substances that directly or indirectly deplete the
intermediate iron pool inhibit L. pneumophila intracellular multiplication. Such
substances include (a) interferon gamma, which down-regulates transferrin re-
ceptor expression and intraceliular ferritin concentration, shutting off the two
major sources of iron to the pool (Byro and HorwiTz 1989, 1993); (b) weak bases,
including chlorogquine and ammonium chloride, which raise the pH of endocytic
vesicles and lysosomes and hence inhibit the pH-dependent release of iron from
endocytized transferrin and the pH-dependent proteolysis and release of iron
from iron-lactoferrin and ferritin (Byro and Horwitz 1991a); and (c) iron chelators,
including deferoxamine and apolactoferrin, the latter molecule a host iron-binding
protein internalized by specific receptors on the plasma membrane of mono-
nuclear phagocytes (Byrp and Horwitz 1989, 1991b).

4.2 PMN-Monocyte Cooperation in Host Defense

The capacity of apolactoferrin to inhibit L. pneumophila intracellular multiplica-
tion has suggested a role for polymorphonuclear leukocytes (PMN) in host
defense against L. pneumophila. PMN are a prominent histologic feature of the
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L. pneumophila-infected lung, but these phagocytes exhibit only a modest
capacity for killing L. pneumophila even in the presence of anti-L. pneumophila
antibody and complement (HorwiTz and SiLversTeIN 1981a). However, PMN are
rich in apolactoferrin, and they release this iron chelator at sites of inflammation.
This raises the possibility that PMN cooperate with mononuclear phagocytes in
host defense against L. pneumophila by providing infected mononuclear phago-
cytes in the lung with apolactoferrin (Byrp and Horwitz 1991b). This may be
particularly important to host defense early in infection, before a protective cell-
mediated immune response is generated (Horwitz and SiLversTEIN 1981c;
HorwiTz 1983c).

4.3 Iron-containing Proteins of L. pneumophila

When L. pneumophila is grown in the presence of ®Fe, seven major proteins are
labeled (MenGaub and HorwiTz 1993). The major iron-containing protein (MICP) is
a monomeric protein of calculated molecular mass 98, 147 Da. MICP is an
aconitase highly homologous with E. coli aconitase; however, the protein is
much more abundant in L. pneumophila than in E. coli. MICP is also highly
homologous with the human iron-responsive element-binding protein. Why
L. pneumophila requires such high levels of MICP is unknown.

A second major iron-containing protein has superoxide dismutase (SOD)
activity (Mencaub and Horwitz 1993). The gene encoding the L. pneumophilairon
SOD has been cloned (Stenman 1992) and has been shown to be essential for
viability (Saposky et al. 1994).

5 Genetic Analysis of Intracellular Multiplication
and Macrophage Killing

5.1 Functional Complementation of an Avirulent Mutant

The avirulent mutant (25D) described in Sect. 3.4 differs from wild-type
L. pneumophila in two key respects. First, it is unable to multiply intracellularly
and second, it is unable to kill host cells, even at multiplicities of infection as high
as 10°: 1 Both of these characteristics may reflect the mutant's inability to direct
the formation of an LSP. Indeed, the lack of cytotoxicity of 25D may be a direct
consequence of its inability to replicate in a non-LSP compartment.

Functional complementation was used to identify the genes and their prod-
ucts that may be important for Legionella to successfully direct the formation of
the LSP. A genomic library of wild-type Philadelphia-1 was prepared in a plasmid
vector and introduced en masse into the avirulent mutant. A simple plaque assay
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was used to identify bacteria which had received a region of Legionella DNA that
restored their capacity for intracellular multiplication (the lcm phenotype) and
macrophage killing (the Mak phenotype). In this plague assay, macrophages are
allowed to spread confluently on plastic dishes and are infected with bacteria in a
small volume. The macrophages are then overlayed with agarose to keep bacteria
that subsequently multiply intracellularly and lyse macrophages from swimming
far from the initial point of infection. Bacteria that are icm* Mak* produce zones of
cytotoxicity surrounding the initial point of infection. Mutant 25D produces no
detectable plaques even at high multiplicities of infection. When a population of
25D containing the wild-type library was used to infect macrophage monolayers,
plagues were obtained at a frequency of approximately 107°. It was possible to
demonstrate that the ability to form plagues was conferred by a specific plasmid
clone, 19b. Introduction of clone 19b restored the ability of 256D to replicate
intracellularly and to kill human macrophages derived from the HL- 60 cell line
(MaRRA et al. 1990, 1992).

Animal studies indicated that the 19b clone also restored the ability of the
25D strain to cause lethal pneumonia in guinea pigs infected via the aerosol route.
Examination of monocyte-derived macrophages infected with 25D/19b by trans-
mission electron microscopy indicated that the LSP was formed and that it did not
fuse with secondary lysosomes. Organelles were recruited by the LSP, but at late
times following infection, many fewer ribosomes were observed surrounding
LSPs containing 25D/19b than those containing wild-type Legionella(MaRRA et al.
1992).

Molecular analysis of the 19b clone indicated that approximately 12 kb
present on a plasmid subclone (pAM10) was sufficient to complement the Icm
and Mak phenotypes of mutant 25D. Furthermore, pAM10 was found to contain
the dotA gene and four other open reading frames, icmWXYZ (Branp et al. 1994;
BerGer et al. 1994). The dotA gene was identified in an independent study by
Berger and Isberg, who isolated a series of mutants that were defective in
intracellular replication (Bercer and IsBerG 1993). Two classes of mutants were
complemented by a plasmid which contained dotA. With both classes of dotA
alleles, organelle traffic in infected cells was distinctly different from that in
mononuclear phagocytes infected with wild-type Legionella (Bercer and ISBERG
1993). Although organelle traffic is certainly defective in macrophages infected by
the 25D mutant, as in dotA mutants, the precise genetic differences between the
wild-type and the 256D mutant are not known. As described above, the 25D
mutant was obtained following serial passage of populations on enriched Muller-
Hinton agar, which has subsequently been shown to selectively inhibit the growth
of virulent L. pneumophila (CaTRenicH and JoHnson 1989). An understanding of
exactly how the products of the dotA/icmWXYZ locus enable Legionella to direct
formation of the LSP and restore other characteristics of the wild-type phago-
some awaits further investigation of the biochemistry and the cell biology of host
cell interactions with well-defined mutants.
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5.2 Transposon Mutagenesis and the Identification
of Additional lcm Genes

The studies aimed at discovering Legionella genes required for intracellular
replication described in the previous section focused attention on the dotA/
icmWXYZ locus. To determine directly if the dotA/icmWXYZ region is the only
locus required for intracellular multiplication and macrophage killing, or if addi-
tional genes are also required, Saposky et al. screened a large collection of
transposon-induced mutants for those that had lost the ability to kill HL-60-derived
macrophages (Saposky et al. 1993). A transposon derived from Tn903, Tn903dll
lacZ, was found to transpose efficiently in Legionella (WIATER et al. 1994), and
approximately 4600 independent insertions were collected. Among them, 55
were found to have decreased ability to kill HL-60-derived macrophages (Mak). It
was possible to measure the cytotoxicity of the different strains in a tissue culture
assay using a tetrazolium dye reduction assay for living adherent cells; the
apparent TC, for the wild-type was between 10 and 100 colony-forming units
(CFU), whereas the TC, for the 25D mutant was > 10° CFU. Among the 55 Mak’
mutants, the relative TC,, values were 10%to > 10° greater than that of the wild
type.

It was important to establish whether the 55 Mak™ mutants represented a
collection of insertions in different genes or were all insertions in the dotA/
icmWXYZ locus. Genomic DNA preparations from all 55 strains were prepared
and cleaved with EcoRl, a restriction endonuclease which does not cleave within
transposon sequences. When these samples were hybridized with labeled
transposon sequences as probes, genomic fragments of different molecular
weights were found, indicating that the transposon had inserted in multiple sites,
albeit a limited number. It was possible to arrange the 55 mutants into 16 groups
based on the identity of the EcoRI fragment containing the site of transposon
insertion. One group containing 11 members corresponded to the dotA/icmWXYZ
locus. The other groups were clearly distinct from this locus and must represent
other genes whose functions are essential for the ability to kill macrophages.

Representatives from each group were assayed for their ability to be taken up
by HL-60-derived macrophages, and all were found to be indistinguishable from
wild type in this respect. In addition, all were found to be unable to replicate in
macrophages over a 48-h period, indicating that the Mak phenotype was associ-
ated with the lcm™ phenotype in all of the mutants. Therefore, it may be difficult to
isolate mutants which are unable to multiply intracellularly but retain the Mak*
phenotype or mutants that retain the lcm* phenotype but have lost the ability to
kill macrophages. These results indicate that cytotoxicity is a direct consequence
of intracellular multiplication.

What functions do the many different icm loci encode? How many different
genes are represented by the lcm mutants? All of the mutants grow normally on
standard Legionella bacteriologic medium (ACES-buffered charcoal yeast ex-
tract). This would seem to make it less likely that major catabolic pathways are
defective. Whether any of the mutants are auxotrophic has not been definitively
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addressed, although all grow on a casamino-acid-based medium. The only
secondary phenotype that has been detected is decreased sensitivity to Na*. The
growth of wild-type Legionellais inhibited by 100 mM Na* or Li*. The effect is not
due to osmolarity or ionic strength. CatrenicH and JoHnsoN showed that variants
arise frequently which exhibit increased sodium tolerance, and many of these
lose the ability to cause disease or grow in macrophages (CATReNICH and JOHNSON
1989). Indeed, the 25D avirulent mutant s likely the result of selection for sodium
tolerance imposed by enriched Muller-Hinton medium. With all of the Tn903dll
lacZ insertion mutants, an increased LDg, for macrophages is correlated with
increased sodium tolerance. It has been shown in many cases that the trans-
poson insertion is the cause of both the lcm/Mak and sodium tolerance pheno-
types. Unfortunately, these observations raise more guestions than they provide
answers. Although the molecular basis of Na* sensitivity/resistance is unknown,
itis tempting to speculate that the organism may use low Na* concentration as an
indicator of an intracellular environment.

5.3 Cloning of Genes Potentially Involved
in Intracellular Multiplication or Macrophage Killing

A classic approach to identifying potential virulence determinants is to examine
those components recognized by the host immune response. Convalescent sera
from patients who have recuperated from legionnaires’ disease contain antibod-
ies to various bacterial components. These sera were used to screen E. coli
colonies of Legionella genomic libraries (Engelberg et al. 1984). This analysis
yielded a gene that encodes a 24 000-molecular-weight protein present on the
Legionella surface which exhibits prolyl-isomerase activity and resembles a class
of proteins found in all prokaryotes and eukaryotes that bind the immuno-
suppressant FK-506 (Cianciotto et al. 1989). Site-directed mutants of Legionella
that were defective in this protein were found to have a defect in macrophage
infection, although they retained the ability to enter macrophages and multiply
within them. The gene encoding the protein is called mip, for macrophage
infectivity potentiator (CiancioTTo et al. 1990). The mip gene is apparently widely
distributed in Legionella species and related genera. The precise role of the Mip
protein in potentiating infectivity and the relation, if any, of prolyl-isomerase
activity to intracellular pathogenesis are unclear at the present time.

Another Legionella protein which is an important antigen during infection and
has been shown to be important for the development of a protective cellular
immune response in guinea pigs is the major secretory protein (MSP) (BLANDER
and Horwitz 1989). MSP, a Zn**-containing metalloprotease with a broad
specificity, is abundant in Legionella culture supernates. Disruption of the MSP
structural gene (Quinn and Tompkins 1989) (mspA or proA) reduces extracellular
protease activity to less than 0.1% of wild-type levels on substrates such as
casein but has little if any effect on intracellular multiplication, the ability to kill
human macrophages, or the ability to produce lethal pneumonia in guinea pigs
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(SzeTo and SHumAN 1989; BLANDER et al. 1990; MorraTT et al. 1994). The role of the
protease during legionnaires’ disease in human beings is more difficult to assess.
It is perhaps curious that a major determinant of immunity would have such a
subtle role in pathogenesis. One should bear in mind, however, that mammals are
likely not the longest extant ecological niche for this organism, and MSP may
confer a substantial advantage to Legionella in circumstances which are unknown
at the present time.

6 Conclusions

Intracellular bacterial pathogens have evolved a variety of mechanisms to satisfy
their nutritional needs. L. pneumophila, which primarily parasitizes protozoons in
nature, is also able to replicate in mammalian mononuclear phagocytes. To do
this, it modifies the phagosome so that it does not acidify nor fuse with secondary
lysosomes. It also rapidly sorts host cell plasma membrane markers out of the
phagosome and efficiently blocks interactions of the phagosome with the entire
endosomal-lysosomal pathway. It is very likely that other differences between
the LSP and conventional phagosomes exist. For example, components of the
endoplasmic reticulum have been found surrounding the LSP (M. Swanson and
R.R. IsBerG personal communication), in addition to ribosomes. The significance
of this observation in terms of intracellular replication is not yet known, but it
illustrates the need to identify both host-derived components of the LSP and the
Legionella-encoded proteins that direct its formation during and immediately
following phagocytosis.
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