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Exploitation of Mammalian Host 
Cell Functions by Bacterial 

Pathogens 
B. Brett Finlay and Pascale Cossart 

Interest in bacterial pathogenesis has recently increased because of antibiotic resis- 
tance, the emergence of new pathogens and the resurgence of old ones, and the lack 
of effective therapeutics. The molecular and cellular mechanisms of microbial patho- 
genesis are currently being defined, with precise knowledge of both the common strat- 
egies used by multiple pathogenic bacteria and the unique tactics evolved by individual 
species to help establish infection. What is emerging is a new appreciation of how 
bacterial pathogens interact with host cells. Many host cell functions, including signal 
transduction pathways, cytoskeletal rearrangements, and vacuolar trafficking, are ex- 
ploited, and these are the focus of this review. A bonus of this work is that bacterial 
virulence factors are providing new tools to study various aspects of mammalian cell 
functions, in addition to mechanisms of bacterial disease. Together these developments 
may lead to new therapeutic strategies. 

D e s p i t e  the  extensixre use of antibiotics 
and v a c c i ~ ~ a t i o n  programs, infectious diseas- 
es, particularly microbial diseases, continue 
to be a leading cause of ruorhidity and mor- 
tality \vorld\vide. Recent outbreaks and ep- 
ideluiologic studies predict that their inci- 
dence \\rill increase while the  norld's popu- 
lation collti~lues to grow. T h e  eluergence of 
previously undescribed pathogens has been 
a feature of the  end of this century. In- 
creased global travel has contributed to the  
dissemination of pathogens previous1)- con- 
fined to  specific regions. In addition, it is 
noxv clear that bacterial pathogens cause 
diseases pre\.iously thought not to be infec- 
tious, such as the  gastro-duodenal ulcers 
caused by Helicobacter pylo~i. A n d  old dis- 
eases, such as tuberculosis, have returned 
rvith a vengeance, particularly in immuno- 
compromised patients, accompanied by the  
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emergence of antibiotic-resistant strains. 
No ne\v class of antibiotic has been disco\,- 
ered in  the past three decades, and deriva- 
ti\-es of current antibiotics soon ellcoullter 
resistance. New anti-infective agents are 
thus desperately needed to  counter diseases 
previously treated by con\-entional antibi- 
otics. Development of these reagents, hovv- 
ever, requires a better understanding of how 
bacteria can cause dlsease. 

Knowledge in the  field of iuicrobial 
pathogenesis-the study of the  molecular 
basis of microbial diseases-has increased 
dramatically in  recent years (Table 1) lvitlh 
contributions from several different direc- 
tions. Research on pathogens such as Snl- 
inoi~ella, Shigella, k ~ s i n i n ,  and Liste~ia spe- 
cles that are relatively easy to genetically 
manipulate has led the  \yay, but new teclh- 
niques have been developed that allow 
most bacterial pathogens to be studied at 
the  molecular and cellular le\.els. Many 
pathogells share comlnoll meclhanis~ns of 
interaction with the  host, but each species 
has also evolved a repertoire of unique ap- 
proaches to  exploit host processes ( 1 ) .  T h e  
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studv of the  molecular interactions between 
bacterial factors and cellular comnonents or 
signaling pathways in vitro has been called 
cellular microbiology (2 ) .  Recent advances 
in iilentifying and detecting ~ ~ i r u l e n c e  fac- 
tors in vivo rather than in culture have also 
helped open up the  field of microbial patho- 
genesis, with the  use of approaches such as 
sensitive imaging systems to follow light 
production or green fluorescent protein ex- 
pression (3). More importantly, research 
with genetic techniques (4) t o  i d e l ~ t i f ~  
genes induced when the  bacteria are inside 
a n  animal hut not in culture, or to  identifv 
genes are essential for virulence in  an  ani- 
mal, indicates that additional r e l e ~ ~ a n t  vir- 
ulence factors will be identified in the  near 
future. . b o t h e r  source of knowledge has 
collie from progress in cell biology. This 
progress includes new information o n  cell 
physiology; the  de\relopment of in  vitro sys- 
tems; the ollgoi~lg development of fluores- 
cence, confocal, video, and electron micros- 
copy; and the  development of new tech- 
niques such as the  ability to generate and 
express t r an~~lomi l l an t  negative forms of 
vario1.1~ cytoskeleton proteins or signaling 
molecules and the  ability to  change the  
intracellular colnposition by microinjec- 
tion. In turn, bacteria have provided cell 
biolo~ists with \raluable tools to  dissect cel- - 
lular processes, such as cytoskeleton rear- 
rangements and signalillg pathways. 

This article highlights some of the  re- 
cent filldings concerning the  cellular and 

u u 

luolecular interactions that occur between 
bacterial pathogens and their host cells. It is 
organized accorilinp to  the  successi\~e inter- - - 
actions that occur a t  different stages during 
the infectious process, including microbial 
adherence to  host cells, pathogen uptake 
into m a i u m a l i a ~ ~  cells, bacterial survival 
anil r e~ l i ca t ion  inside maiulualiall cells, and 
cell illtoxication and death caused by bac- 
terial products. 

Adhesion to Mammalian Cells 

Bacterial adherence to host cells or surfaces 
is often a n  essential first stage in disease 
because it localizes pathogens to  appropri- 



isssism 
ate target tissues. Adhesion to host cells 
may result in internalization, either by 
phagocytosis or by bacterial-induced endo-
cytosis (known as invasion). A variety of 
molecules and macromolecular structures, 
collectively known as adhesins, mediate ad
herence to cell surfaces or cell molecules 
and these can be broadly divided into fim-
brial adhesins (fimbriae or pili), which are 
filamentous structures on the surface of bac
teria, and afimbrial adhesins, which include 
most other adherence molecules. 

The assembly of a pilus is a complex 
process involving many gene products that 
guide the structural subunits from their site 
of synthesis to the bacterial cell surface, 
where they are assembled into an organelle 
(5). Pilus biogenesis is a relatively con
served mechanism for many types of fimbri
ae; that is, the assembly machinery is ho
mologous and often interchangeable for 
many diverse fimbriae from different patho
gens that bind to very different host cell 
substrates. The bacterial molecule that 
binds the host component is usually at the 
tip of these structures, and by varying this 
molecule, pathogens can vary their host 
substrate (5). 

Afimbrial adhesins are diverse and col
lectively include all nonpilus adhesins (1). 
Examples include the adhesins AfaD and 
AfaE from Escherichia coli, responsible for 
attachment of E. coli to the urinary tract 
or the intestinal cells, and the filamentous 
hemagglutinin (FHA) from Bordetella per
tussis, responsible for attachment to the 
lung epithelial and phagocytic cells. Afim
brial adhesins also include the opacity pro
teins (Opas) from Neisseria, which com
prise a family of similar proteins responsi
ble for cell-type specificity, and the repeat 
proteins of Gram-positive bacteria such as 
the M protein of Streptococci or the fi-
bronectin-binding proteins of Streptococci 
and Staphylococci. Afimbrial adhesins en
able these pathogens to adhere to extra
cellular matrix components as a first step 
to tissue colonization. 

A wide range of mammalian cell surface 
compounds, including proteins, glycolipids, 
and carbohydrates, can serve as receptors 
for bacterial adhesins. For example, P pili 
bind to the a-D-galactopyranosyl-(l-4)-|3-
D-galactopyranoside moiety present in a se
ries of glycolipids found on cells of the 
upper urinary tract (5). Other E. coli fim
briae called type I pili, which share homol
ogous assembly components with P pili, 
bind to mannose residues on cell surfaces. 
Helicobacter pylori binds to the Lewisb blood 
group antigen, which is expressed on cells 
in the stomach epithelium (6). Neisseria 
binds to cell surface-associated heparin sul
fate proteoglycans and to a CD66 adhesion 
molecule on epithelial cells and neutrophils 

(7). Thus, bacterial adhesins are capable of 
binding to a large variety of host cell surface 
molecules. 

The host cell is often an active partici
pant in adhesion, not simply functioning as 
an inert surface. Indeed, some bacterial 
pathogens rely on a host response to infec
tion to trigger expression of a target recep
tor that the bacteria then bind to, at least in 
vitro. For example, Streptococcus pneu
moniae adherence to, and invasion of, hu
man umbilical vein endothelial cells is 
markedly increased after stimulation of the 
endothelial cells by thrombin or tumor ne
crosis factor a, two factors produced in re
sponse to infection (8). The pneumococcus 
has a cell wall component, phosphorylcho-
line, that binds to the platelet-activating 
factor receptor on activated endothelial 
cells, leading to enhanced bacterial adher
ence and invasion. 

Many bacterial pathogens activate host 
cell signal transduction pathways, and al
though it has long been recognized that 
these signaling events are involved in me
diating invasion, it has only recently be
come apparent that signal transduction 
plays a crucial role in bacterial adherence, 
activating host receptors that the pathogen 
then adheres to. For example, FHA of B. 
pertussis (the causative agent of whooping 
cough) binds to a monocyte integrin com
plex through an Arg-Gly-Asp sequence. 
This interaction up-regulates the binding 
activity of another integrin, the comple

ment receptor 3 (CR3), which recognizes a 
separate FHA domain. Thus the bacterial 
pathogen enhances its own attachment by 
co-opting a host cell signaling pathway (9). 
More dramatic still is the sequence of 
events involved in the adhesion of entero-
pathogenic E. coli (EPEC), a pediatric diar-
rheagenic pathogen. EPEC adheres to intes
tinal epithelial cell surfaces by destroying 
host microvilli and rearranging the actin 
cytoskeleton to form a pedestal on the host 
cell surface, on which the bacterium then 
resides (Fig. 1). To achieve this, EPEC se
cretes at least two proteins, EspA and EspB, 
that activate host cells by inducing calcium 
flux, inositol phosphate production, ty
rosine phosphorylation of a 90-kD mem
brane protein, and ultimately, cytoskeleton 
rearrangements. EPEC must activate these 
host signal transduction pathways to attach 
to the host cell, indicating that signal trans
duction, and possibly receptor modification, 
precedes intimate adherence in cultured ep
ithelial cells (10). 

The secretion by EPEC of proteins that 
activate epithelial cells is mediated by a 
specialized secretion system called the type 
III secretion system, versions of which are 
being identified in an ever increasing num
ber of human, animal, and plant pathogens 
(11). Type III secretion systems, which 
comprise at least 20 gene products, are es
sential for the virulence of these pathogens; 
the genes encode both secreted effectors 
and the machinery necessary for secretion 

Table 1. Selected examples of bacterial pathogens and their location with respect to cells. 

Bacterial pathogen Main disease induced Interactions with host cells 

Staphylococci 

Streptococci 

Bordetella pertussis 
Neisseria gonorrhoeae 
Neisseria meningitidis 
Helicobacter pylori 
Escherichia coli 

Yersinia species 

Vibrio cholerae 

Macrophages 
Legionella pneumophila 
Mycobacterium tuberculosis 
Mycobacterium leprae 

Macrophages and epithelial cells 
Salmonella species 

Shigella species 
Listeria monocytogenes 
Chlamydia species 

Extracellular pathogens 
Skin and tissue infections 

Otitis media, pharyngitis, 
scarlet fever, meningitis, 

Whooping cough 
Gonorrhoeae 
Meningitis 
Ulcers, gastritis 
Diarrheas, meningitis, 

urinary tract infections 
Plague, mesenteric 

lymphadenitis, diarrhea 
Cholera 

Intracellular pathogens 

Legionnaires' disease 
Tuberculosis 
Leprosy 

Typhoid fever, 
gastroenteritis 

Dysentery, gastroenteritis 
Listeriosis, meningitis 
Trachoma, sexually 

transmitted diseases, 
pneumonia 

Adherence to extracellular 
matrix 

Adherence to extracellular 
matrix 

Adherence to cells 
Adherence to cells 
Adherence to cells 
Adherence to cells 
Adherence to cells 

Adherence to cells and 
matrix 

Adherence to cells 

Within a vacuole 
Within a vacuole 
Within a vacuole 

Within a vacuole 

Intracytoplasmic 
Intracytoplasmic 
Within a vacuole 
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and translocation into target cells. Al- 
though little is known about the mecha- 
nisms of secretion, it has been found that 
chaperones are needed for secretion and 
that enhanced secretion of the virulence 
factors often occurs after contact with host 
cell surfaces; thus, these systems have also 
been called "contact-mediated" secretion 
systems (12). Although the secreted viru- 

lence factors differ among pathogens (and ever, some bacterial pathogens can induce 
thus mediate different diseases), the secre- their own uptake into these cells (inva- 
tion machinery is often interchangeable. sion), allowing the pathogen to enter a 

protected niche and, in some cases, en- 
Invasion of Nonphagocytic Cells abling the pathogen to pass through cellular 

barriers such as the intestinal epithelium or 
Although phagocytic cells are adept at in- the blood-brain barrier. Phagocytosis and 
temalizing pathogens, nonphagocytic cells bacterial invasion appear mechanistically 
do not usually engulf large particles. How- similar: Both are initiated by ligand-recep- 

tor interactions that activate host sinnaline. 

Fig. 1. Bacterial interactions with culrurea mammalIan cells. [A) mospnovroslne ~mmunofluorescence 
staining (red) was overlaid on a phase contrast micrograph of HeLa cells infected with enteropathogenic 
E. coli (EPEC). (8) An imrnunofluorescence micrograph of actin (red) in Madin Darby canine kidney 
(MDCK) epithelial cells infected with Salmonella typhimurium (green) showing areas of actin condensa- 
tion and ruffling around invading bacteria. (C) Listeria monocyfogenes (red) in infected Vero cells exhibit 
characteristic polymerized actin tails (green) that propel bacteria inside the cell. (D) Scanning electron 
micrograph (SEM) of EPEC attaching and effacing pedestals on the surface of HeLa cells. (E) Ruffles 
surrounding Shigella flexnen as it invades a HeLa epithelial cell. Reprinted from Trends in Microbiology 
(14) with permission. (F) SEM of L. monocytogenes invading cultured Caco-2 cells. Reprinted from Cell 
(25) with permission. (A) to (C), bar, 2 prn; (D) to (F), bar, 1 prn. 

m Listma Yersinia 

Ttigger mechanism Zipper mechanism 

SaImomlla tphimurlum Listma momcytogenes 
ShigeIla flexnen Yemnfa pseudotubemlosis 

" ", 

with the actin cytoskeleton providing the 
necessarv force to internalize the ~ai t ic le  
into a membrane-bound vacuole. However, 
invasive bacteria seem to have evolved two 
major types of induced uptake: a "zipper" 
type mechanism involving direct contact 
between bacterial ligands and cellular re- 
ceptors that sequentially encircle the organ- 
ism (used by Yersinia and Listeria), and a 
"trigger" mechanism in which bacteria send 
sirmals to the cell to induce dramatic mem- " 
brane ruffling and cytoskeletal rearrange- 
ments that result in macro~inocvtosis and 
virtually passive entry of bacteria (Figs. 1 
and 2). This strategy is used by Salmonella 
and Shigella, two species that have been 
much studied lately. 

The bacterial components that mediate 
signaling and invasion of Salmonella and 
Shigella into cultured cells are surprisingly 
similar, although the two mechanisms also 
show marked differences. Both species use 
type 111 secretion systems (Figs. 2 and 3). In 
Salmonella, the genes encoding the secre- 
tion system and effector proteins are known 
as the inu-spa complex and are located at 
centisome 63 on the chromosome, forming 
a "pathogenicity island," a cluster of viru- 
lence genes inserted at one site in the ge- 
nome (13). In Shigella, the mxi-spa secretion 
system and genes encoding its secreted pro- 
teins (IpaA, -B, -C, and -D) are found on a 
large virulence plasmid (14). Secretion of 
these mediators of bacterial invasion acti- 
vate host signaling pathways, resulting in 
bacterial uptake. Unlike adherent EPEC, 
which induce focused reorganization of the 
actin cytoskeleton under the bacteria, both 
Shigella and Salmonella stimulate major re- 
arrangements of cellular actin that result in 
large membrane projections similar to 
"membrane ruffles" induced bv some erowth " 
factors or oncogenes. The process culmi- 
nates in bacterial uptake through the for- 
mation of a membrane-bound vacuole, 
which in the case of Shigella is subsequently 
lysed (Fig. 1) (15). 

What are the cellular signaling events 
associated with S. typhimurium entry? In- 
creased concentrations of intracellular 
Ca2+ and increased inositol phosphate pro- 
duction have clearly been demonstrated. It 
seems likelv that the bacterium stimulates 
host phospholipase C, which induces inosi- 
to1 trisphosphate production, which in turn Fig. 2. Mechanisms of bacterial invasion. 
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mobilizes Ca2+ from intracellular stores. 
This idea correlates with the role of calcium 
and phosphoinositides in affecting many 
actin-binding proteins, several of which (a-  
actinin, talin, ezrin) are recruited at the site 
of entry. Tyrosine kinase inhibitors do not 
block entry of Salmonella; additional cell 
signals are involved, although defining the 
contribution of each signal to invasion has 
been difficult (1 6). 

In the case bf Shigella, host proteins that 
become tyrosine phosphorylated upon entry 
include cortactin, pp125FAK, and paxillin 
(1 7). Cortactin is an actin-associated pro- 
tein (Fig. 2) and a substrate for the non- 
receptor tyrosine kinase Src. Src is activated 
during Shigella invasion, colocalizing with 
the site of entry. Transient overexpression 
of Src in transfected cells induces mem- 
brane ruffles and mediates entry of nonin- 
vasive ShigeUa mutants, strongly suggesting 
a role for this kinase in bacterial entry. 
T-plastin, which is an actin-bundling pro- 
tein, appears to play a central role in medi- 
ating bacterial uptake, possibly by bundling 
newly formed actin filaments in the mem- 
brane extensions (1 5). Another actin-bind- 
ing protein, vinculin, colocalizes to the site 
of entry and can be coimmmunoprecipi- 
tated with IpaA. However, bacteria that do 
not express IpaA still recruit vinculin but 
are impaired in recruitment of a-actinin, a 
vinculin-binding protein. These results sug- 
gest that IpaA affects vinculin activity after 
the recruitment step (17). 

In mammalian cells, major rearrange- 
ments of the actin cytoskeleton upon recep- 
tor stimulation or other stimulation lead to 
either membrane ruffling, filopodia forma- 
tion, or actin stress fiber formation. These 
rearrangements are controlled by specific 
small guanosine triphosphate (GTP)- bind- 
ing proteins belonging to the Ras superfam- 
ily, namely, Rac, Rho, and CDC42. It was 
thus antici~ated that invasive bacteria 
would depend on these molecules to medi- 
ate their uptake, and indeed Salmonella re- 
quires CDC42 but not Rac or Rho for in- 
vasion, whereas Shigella needs Rho but not 
Rac or CDC42 (1 8). 

The entry processes of Salmonella and 
Shigella into nonpolarized epithelial cells in 

entry is the M cells of the Peyer's patches. 
M cells are specialized epithelial cells capa- 
ble of internalizing inert  articles at their - 
apical surface and delivering them to un- 
derlying macrophages. By targeting this cell 
type, which is used by the immune system 
to sample antigens from the intestine, Shi- 
gella can cross the epithelium to invade the 
basolateral surface of enterocytes. Altema- 
tively, it may transmigrate between epithe- 
lial cells once the cell junctions have been 
opened up by the migration of neutrophils 
in response to the presence of Shigella on 
the apical face of colonic cells (1 9). Thus, 
both the M cells and the paracellular path- 
way allow Shigella to reach and infect the 
basolateral surface of epithelial cells in in- 
testinal crypts. Sdrnoneh also enters 
through the M cells in vivo, at least in the 
mouse. However, it has cytotoxic effects 
that result in M cell destruction and inva- 
sion of adjacent enterocytes at both the 
apical and basolateral face. 

Perhaps the best studied invasion system 
is that of Yersinia s~ecies. Yersinia enteroco- 
litica and Y. psewlo&berculosis have an outer 
membrane ~rotein.  invasin. that mediates 
attachment'and entry into epithelial cells. 
By binding tightly to a subset of P1 integrins 
on cell surfaces, invasin mediates bacterial 
uptake through a zipperlike mechanism, zip- 
pering the host cell membrane around the 
bacterium as it enters (Fig. 2) (20). Host 
signal transduction mechanisms are used in 
invasin-mediated entry, because, for exam- 
ple, tyrosine kinase inhibitors i w i t  entry 
(16). Host actin is also needed for this 
process, but the local cytoskeletal re- 
arrangements near the site of entry are not 
as dramatic as for ShigeUa and SalmoneUa. 
The fact that the intracytoplasmic domain 
of the pl subunit of integrin interacts with 
the cytoskeleton by binding to actin-bind- 
ing proteins such as talin and a-actinin and 
the fact that actin is required for entry led 
to the speculation that direct association of 

vitro appear, morphologically, to be very 
similar. However, one major difference is 
that Salmonella interacts with the apical 
epithelial surface, whereas ShigeUa enters 
only by the basolateral face, although both 
penetrate the intestinal epithelium. The in- 
tegrin a5P1, which is found only on the 
basolateral surface of epithelial cells, is a 
receptor for ShigeUa invasion in CHO cells 
(171, but no cell surface receptor has been 
identified so far for Salmonella. How does 
ShigeUa get to the basolateral surface? In 
vivo studies reveal that one major site of 

integrins with the cytoskeleton is required 
during internalization. However, mutations 
that reduced the interaction of intemin u 

with the cytoskeleton increased bacterial 
uptake, whereas mutations that disrupted a 
NPIY sequence (N, Asn; P, Pro; I, Ile; Y, 
Tyr) [related to the consensus NPXY motif 
(X represents any amino acid) implicated in 
localization of receptors mediating endocy- 
tosis to clathrin-coated pits] resulted in in- 
tegrins that were deficient in bacterial up- 
take (21). In fact, large lattices of clathrin 
and AP2 adaptor complexes are formed be- 
neath bound bacteria in the early stages of 
internalization, suggesting that integrin- 
mediated internalization mav share com- 
mon features with clathrin-mediated endo- 
cytosis. Yersinia species have at least two 
other molecules, Ail and YadA, that can 
mediate invasion into cultured epithelial 
cells; however, much less is known about 
their mode of action. 

In addition to invasion systems to enter 
epithelial cells, Yersinia species have 
evolved sophisticated mechanisms to avoid 
uptake by phagocytic cells. The anti-phago- 
cytosis strategy relies on the expression of 
Yop proteins, the archetype of type 111 se- 
cretion svstems (12). U ~ o n  contact of bac- . .  . 
teria with the host cell surface, several Yops 
are injected into phagocytic cells and im- 
pair phagocytosis (22). YopE paralyzes the 
cellular actin cytoskeleton; its target is un- 
known, but YopE shares homology to ex- 
oenzyme S (ExoS) of Pseudomonas aerugi- 
nosa. ExoS is also secreted by a type 111 
secretion system, and it elicits the same 
cytotoxicity as YopE when present in a 
recombinant Y. psewlotuberculosis, suggest- 
ing that the two ~roteins have the same 
target. ExoS modiiies small G proteins in- 
volved in the regulation of the actin net- 
work. YopH also contributes to the block- 
ade of phagocytosis. YopH is a broad-spec- 
trum tyrosine phosphatase that dephospho- 
rylates several host proteins, interrupting 

rmmalian Cell p q  

Fig. 3. Comparison of the type Ill secretion systems and secreted products of Shigella and Yersinia. 
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earl!- phosphotj-rosine signaling associated 
n l t h  phagocytos~s. It also inhihits the  Fc 
receptor lnediateil oxiiiative burst (Fig. 3 ). 
Another  Yop, YopO (also called YpliA) 

also interferes \ \ r~ th  sorue signal 
transductlon yath\vav of the  eukaryotlc 
cell, although its substrates have not  been 
~dent l f led.  YopO/YpliA has homology to 
lna~nmalian serine and threonlne klnases 
and llke YopH is targeted to the  inner 
surface o i  the  plasma membrane of the  
eukaruotic cell. 

In  vivo, up011 reachll~g the  intestine, 
Ye~sinia are taken up hy h l  cells, and invasin 
plays a crltical role in  this process. A4iter 
translocation across the intestinal barrier, 
ln order to avoid uptake into the phagocytic 
cells that underlie &\/I cells, the bacterla may 
interfere n i t h  phagocytosis by illiecting 
Yops. In  this \\ray, bacteria r e m a n  eutracel- 
lular, allov-111g their survival and multipli- 
cation as estracelh~lar rnlcrocolonies 111 

lymphoid tissues. Phagocytosis generally re- 
sults in  death of the  bacteria. 

Thus, there are multlple uses for bacte- 
rial p r o d ~ c t s  secreted by a contact-medlated 
type I11 secretion systems, ranging from en- 
ha l~ced  adherence (EPEC) and Invasion 

(Sh~gellii and Salmolxrlia) to cell dalnage and 
blocliage of phagocytosi5 (Yersinla). Silnilar 
systems have not been identiiied 111 Gram- 
~ m s i t ~ r - e  hacterla. 

Among Gram-positive bacteria, only 
the  ~nvasi\ ,e properties of Llstena monocy- 
togenes have heen studied 111 ~ ie t a l l  (23) .  
This boil-borne pathogen enters a variety 
of mammaliall cells and tissues Jurlng dis- 
ease and in cell cul t~lre  (Figs. 1 and 2 ) .  A 
surface protein, ~n te rna l in ,  ~neiliates entry 
into cultured intestinal epithelial cells, 
and  it confers invaslveness to the  11onin- 
vaslve species Listem lnnoctia, suggesting 
that ,  like t.;.rsrixiiils in~-as ln ,  ~t is suificient 
to  promote entry. Internalin contains ruul- 
tiple copiec of a 22-atn~no acld leucine- 
rich tanden1 repeat (LRR),  a feature of 
several eukarr;otlc proteins that are gener- 
ally inr~olved 111 protein-protein Interac- 
tions. T h e  COOH-terminal  region o i  in- 
ternalin contaills a n  LPXTG motlf preced- 
ing a l ~ \ ~ d r o p h o h ~ c  membrane-spanning re- 
gion. T h e  LPXTG ~ n o t l f  (L, Leu; T, Thr ;  
G, Gly)  permits covalent linkage o i  sur- 
face protelns of Gram-positive liacterla to  
the  hacterlal ccll wall (24) .  This  occurs 
after cleavage of the  T-G bond and l ~ n k -  
age of the  T residue to  the  peptidoglycan. 

T h e  malnmallan receotor ior internalln 
1s E-cailher111, a transmembrane cell adhe- 
sion protein norm all\^ ~ n ~ - o l v e i l  in ho- 
lnophilic cell-cell interactions through ~ t s  
extracellular donlain (25) .  Internalin is not 
the  only heterophilic liganil for E-cadherin; 
t h  integrin of intraepithelial lympho- 
cl-tes also binds to it (26) .  T h e  intracvto- 

p l a i m ~ c  region of E-cadherin, \uhich 
through a colnplex lvith catenins is linked 
to the cytoskeleton, is critical for 110- 
mophilic interactlolls and cell-cell adhe- 
sion. Interest~ngly, it is not required for the  
interaction betn-een and E-cadher111 
(26) ;  lvhether it is required ior intemalin- 
mediated entry is unknown. 

Internalin is not reclu1red for the  entr\i of 
L. tnonocutopene, into a ~ ~ u n l b e r  of other , a 

cultured cell lines, suggesting that this bac- 
ter iu~n has el-olved additional strategies for 
invasion (23.  27).  Indeed, InlB, another 
surface proteln belonging to the internalin 
luultigene famlly and ilisplaying si~nilar 
LRRs, mediates entry in cultured hepato- 
cvtes. HeLa cells, and CHO cells. T h e  InlB 
receptor has not been identified. 

T h e  morphological e~-en t s  associated 
\ ~ i t h  entry of L. monocytogenes are very 
different from the  macroplnocytosis trig- 

gered hy Shlgelia and Snlmot~eiia and are 
Inore relniniscent of the  zipper m e c h a ~ ~ i s ~ n  
nlediated by hssinia invasin-inteqri~ ~ n t e r -  
actions (Fig. 2 )  (25) .  C\-toskeletal rear- 
rangements are crltical for Llste~ia ~ n t e m a l -  
i~a t lon .  A 4 n ~ o n g  thc sigilalillg events that 
occur betlveen initial contact anil the  actin 
cytoskeletal rearrangements is the  activa- 
tion of the  lipid kinase p85/p119 (23) .  This 
activation recjulres the InlB protein, ty- 
rosine ~~hosvhorvla t ion in  the host cell, and 

L L ,  

association of p85 with a t  least one ty- 
roslne-yhospl~or\~lated protein. How this 
phosphatidlyino,jltol 3-kinase (PI 3-kinase) 
mediates uptalie is unknon.11. O ~ l e  attrac- 
tir,e possibillt\- 1s that PI-3 kinase llCid 
proilucts directly act o n  actin, hy uncapping 
barbeil ends of actin filaments as previously 
sho\vn in platelets (29). 

lntracellular Life of Bacterial 
Pathogens 

T h e  theme of exploltatlon of host func- 
tions continues n-hen bacterial pathogens 
beconle lntracellular parasites. Nearly all 
Invaslve bacterla enter a me~nbrane-houncld 
vacuole as part of their invasion process, 
but their s u b s e q ~ ~ e n t  fates r-ary. Certain 
bacteria thrive within 1-acuoles that  fuse 
\\rich l\~sosomes, although little 1s known 
about their s u r v i ~ a l  mechan~sms .  Others  
have dey-elopcd mcchanlsms to  prevent 
i;ls~on of the  pathogen-contain~ng ~ ~ a c u o l e  
with lysosomes, thereby r n a ~ n t a ~ n i n g  a 
protected niche inslde the  host cell. St111 
others lyse the  vacuole and survive wlthin 
the  cytoplasm. 

Llfe 111 the vactcoie. Salmonella enter into 
hot11 phagoc\itic and nonphagocytlc cells by 
macropinocytosis. They often rcsldc in the 
resulting large membrane-bo~mcl vacuoles 
(spacious pl~agosomes), and they espress 
several gene products that enhance intra- 

ccllular survival by neutralizing lysosomal 
killing mechanisms that are mediated, for 
example, by cationic peptldes. LY7ith1n epi- 
thelial cells, the  S . typhimurncm vacuole 
appears to be ~ u n c o u ~ l e d  iroln the main 
enilocytlc route, and after a lag period, the  
bacterium replicates ait1-1111 1t (3L1). Associ- 
ated with these vacuoles are filamentous 
host structures that contam lysosolnal gly- 
cooroteins: the  role o i  these structures is 
uncertain, but Salmonella have at least one 
T-irulence iactor that is necessary for trlgger- 
111. their iormatlon. 

CY 

A gcneral theme among pathogens that 
remain lvithin membrane-bounil vacuoles is 
their abillty to avoid fusion with lysosomes, 
although the  mechanisms used to achieve 
this ilifier. For example, vacuoles contain- 
lng Ail?c017~~cte~ia remain ~v i th in  the  early 
el~dosolnal comoartn~ent ,  therehv avoidine 
the  process of development ~ n t o  lysosomes. 
T h e  vacuolar adenosine triphosphatase, 
n ;h~ch 1s respo~lslhle for acidi6illg vesicles, 
is not  mcorporated into the membranes of 
~ntracellular M. a~'[utn-containing vacuoles 
( 3  1 ) so that the  vacuole is not  aciilifieil, a 
~rereoulsite for activation of se\.eral lvsoso- 
ma1 degradatlve enz\7n1es. blost lysosomal 
markers, i n c l ~ ~ d i n g  those that are delivered 
by a mannosc-6-phosphate receptor, do  not 
reach h,lycobacter~zcm-contai~li~lg vacuoles. 
Chlamydia trachornatis, a n  obligate intracel- 
lular pathogen, resides ~ v i t h ~ n  a \.acuole 
that remains completely uncoupled from 
the lnaln e n d o c ~ t l c  1-OUR. T h e  chlamvdlal 
~ n c l ~ ~ s i o n  contams n o  specific vesicle mark- 
ers, but aci l~~ires  and incorporates sphlngo- 
~nycl in  into the vacuole, probably by inter- 
cepting a n  anterograde vesicle export path- 
\Yay (32).  Gronrth of the  Chlamydia In the  
\-acuole requires adenosine tr~phosphate 
that is pumped 111 from the  host cell by an  
unkno\vn mechan~sru. Legonella pnetin~o- 
phin, the  causative agent of Leg~onna~res '  
disease, also inhabits a ullicj~~e int racel l~~lar  
niche w i t h ~ n  a membrane-bound vacuole. It 
enters phagocytes by a n  unusual phagocytic 
mechan~sru called "colllng phagocytosis," 
during a h ~ c h  a pllagocyte colls 
aro~lnil the  bacterium as the  organism is 
internallzed (33).  After mtemaliiatlon, 
host mltochonilria accumulate aro~und the  
bacterial vacuole, and these are later re- 
ulaceil bv rlhosomes llninr the  u~lacidliled 

u 

vacuole. T h e  ribosomes are associated ~ v l t h  
host elldoplasnlic reticulum. It appears that 
the  Le@oneila vacuole fuses 1~1th the  rough 
endoplasmic reticulum, probably hy exploit- 
Ing autopl~agy tnachlner\i t o  establish an  
~ntracellular niche iavorahle for its replica- 
tion. Several bacterial genes lncludi~lg icm 
ancl d0t.A have been sholvn to be critical for 
illtracellular survival anil gro~vth of Lego- 
nella (34) .  

O the r  possible nlechanisms by a h i c h  
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pathogens i n f l ~ ~ e n c e  the  maturation of 
bacter ia-containi~x v a c ~ ~ o l e s  are only be- - 
ginning to be studieil. For example, vesic- 
ular trafficking 1s normally mediated by a 
family o i  small GTP-binding proteins 
calleil Rabs. O n e  possibility is that  bacte- 
r ia-contain~no vacuoles interact ~ v i t h  Rabs 
or their effectors, thereby altering their 
trafficking. A4nother  potential  n lechanis~n 
is the  engagement of a suriace receptor 
that  does no t  target the  vacuole to  become 
a lvsosome. T h e  development of new tech- 
niques, such as the  lsolatlo11 of vacuoles 
contal11ing intracellular pathogens and  
the  use of coniocal microscoov to  label 

L ,  

vacuolar membranes, coupled with the  
lilentlficatlo11 of bacterlal eenes that me- 
diate these processes, ~ ~ 1 1 1  yield ink>rma- 
t ion about the  mechanisms. 

Escape j ~ o m  the kact~ole  and cell-to-cell 
spread. Not  all in t racel l~~lar  bacteria relnaln 
with111 a vacuole. Shigeila, Llstelia, and Ricit- 
e t t sm rapidly gain access to the  cytosol, 
where they replicate. In  the  case of S h ~ g d l a ,  
t he  hacterial factor used to breach the  vac- 
uolar membrane is IpaR, one o i  the  secreted 
oroteins used to invade cells, but the  mech- 
anlsrn of lys~s 1s unkno~vn  (35) .  Listerla use 
a pore-form~ng toxin, llsteriolysln 0 .  This 
potent membrane-damaging toxin, a h e n  
expressed it1 Brncliitls stlbtiiis, is s~~f i i c i en t  to 
allow thls soil oreanism to reach the cvto- 
s o l ~ c  compartment (36).  

\X/hen iree In the  cytoplasm, these three 
species have evolved a phenotypic all\^ sim- 
ilar mechanism to propel themselves 
through the cytosol (Fig. 1)  ( 2 ,  37) .  A 
co11tinuous actin p o l y ~ n e r ~ i a t ~ o n  process 
takes olace a t  one pole of the  bacterium and 
provldes the  drlving force for ~ n o \ ~ e m e n t .  
Act in  asse~nblv is visible as a tail of ~mlv-  

A ,  

rnerized (F) aciin, which remains stationary 
within the  cytosol ("the actln tail") ~vhl le  
bacterla move ahead ( 2 .  37).  I11 this tail, 
f~laments  are short and randomly orlenteil, 
n x h  the  barbed (fast polymeriilng) end orl- 
e11ted tonard the  bacterium, 111ilicating that 
act111 ~mlvmeri?at~on was mltiated at the  

A ,  

bacterlal suriace. Bacterial actin-based mo- 
tility has n o  connection lvith bacterlal che- 
motaxis; rather, it is highly reminiscent of 
other cellular actin-based ruotil~ty e~,ents ,  
such as the  lnigratio11 of neutrophlls toward 
a site of i11fectlon or tnetastasls of cancer 
cells. In these cases, act111 pol \~merl ia t~on 
takes place at the  leadmg edge o i  the  mov- 
ing cell. Ho\vever, t he  molecular basls for 
these cellular events remains elusive, ex- 
plaining \vhy bacterlal mot~l i ty ,  \\.hen d ~ s -  
covereil, received a great ileal o i  attentlon 
because it provides simplified and genetical- 
ly manipulatable  stems to study a coml~lex 
vhenomenon. 

A4c t i~~-based  ~notll l ty 1s mediated by a 
smgle bacterial protein: A c t A  in the  case of 

Lateria and IcsA4 (also called VirG) for Shi- 
oeiia (33).  A c t A  is a 61C-amino acid surface 
protein characterized by a central region 
made of prollne-rich repeats. IcsA4 is a n  
1 2 - l i D  outer membranc protein that also 
has a region of repeats, albeit glycine-rlch. 
O n e  illterestino feature of these two uro- 
teins 1s their polar distribution on the  bac- 
terlal suriace. Establishment of A4ctA polar- 
ity is clearly linked to bacterial replication 
(39) .  For Shigeiia, the  protease SopA con- 
tributes to oolaritv 14L1). Polarized Jlstribu- 
t1o1-1 ileterlAines tile site o i  actin assembly 
and ilirectlon of movement, demonstrating 
that bacterla can target protelns to partic- 
ular locations to execute apeclflc programs 
[see (41)  in this issue]. 

How ActA and IcsA4 mediate actin as- 
sembly is a challenging Croble~n that has 
been more extensi\,ely stuil~eil ior Ac tA anil 
has lxen  tacliled using cell-free systems 
(such as Xenopta egg extracts or platelet 
extracts) that support act~n-based bacterial 
motility. Genetlc analysis has revealed that 
the KHz-terminal portlon o i  Ac tA is neces- 
sary and sufficient for mo\-ement anil the 
central proline-rich regloll Increases the ef- 
ficiency of the process, whereas the  COOH- 
terminus plays 1-10 role (42).  Bacteria express- 
ing Ac tA do not nucleate actln eff~c~ent ly ,  
suggesting that Ac tA recruits an  actin-bind- 
lno ~rote11-1 or must be lnodlfied inside the  

" A  

host to Interact n . ~ h  actin, or poss~bly both. 
Puriiied Ac tA binds \IA4SP, a cellular ITSO- 
tein that is assoclateil with mlcrofila~nents 
and that can bind profilin, a small actln- 
binding protein that Clays a crltical role in 
the control of cellular actln assembly (42).  
Thus VASP coulil brlno 111 the vlclnltv o i  
bacteria, polylnerization competent profllln/ 
actin complexes. However, In the mfecteil 
cell, \'ASP is recruited by the  proline-rich 
region of A4ctA and can thus be co~lsiilereil 
as not absolutely essential. A41so involved in 
the process are A 1 ~ 2  and A1-p3, ta.o act11-1- 
related mammalia~l proteins (43) that may 
interact x i t h  actln and create the link be- 
tween Ac tA and actin. 

Initial models ior A4ctA-meiliateil F-ac- 
t in assembl\i \\.ere largely based o n  the  iilea 
that thls oroteln nucleateil, or recruited a 

suggests that A4ctA may play a role in pro- 
tecting free barbed e11Js fro111 capping pro- 
teins. This mutatlon also suggests that there 
is a thresholil 11-1 the  nulnber of free barbeil 
ends, which, nrhen not attained, leads to  
stalling of the  bacterla (42) .  

T h e  recruitrue~lt o i  actin by bacteria that 
replicate inside the  cytosol is a good exam- 
ple of the  use of cellular components by 
bacterial pathogens (1 .  2) .  Recalling that 
the actin cytoskeleton is also appropriated 
iluring entry and e17en adhesion, it is clear 
that pathogens have evol\,ed a wide range 
o i  approaches to manlpulate this hlghly dy- 
nalnlc cytoslieletal neta.orli, ~ndlcat ing a 
lengthy coevolution betaeen cells and 
pathogens. 

Generally, when lnt racel l~~lar  bacteria 
have actively replicated lnsiile the  host cell, 
the cell illes, often by lysis. This releases the  
bacterla, which then either invade other 
cells or are engulfed by phagocytic cells. For 
Shgel la  and Llsteria, a n  important conse- 
cjuence of actin-based motility is dlrect 
spreading to nelgliboring cells. O n  reachlng 
the  plasma membrane, these bacteria 111- 
iluce the iormation of protrusions that In- 
vaginate into the  neighboring cell, resulting 
In the  formation of a tlvo-membrane vacu- 
ole colltalnlng the  bacterium. After vacuole 
lys~s, the  bacterium starts a ne\v cycle o i  
111iectlon. Enguliment of the  bacteriurn- 
containing protrusion by the  neighboring 
epithelial cell requires the  presence of the  
cell ailhesion m o l e c ~ ~ l e  E-cadherin, a t  least 
in the  case o i  Sillgella (44).  This direct 
cell-to-cell spread allo\vs d1sseminatlo1-I 
aith11-I tissues \vhlle the bacteria rernaln 
sheltered from bactericidal cells or host 
components such as circulatll-Ig anthodies 
or complement. 

Host Damage by Bacterial 
Pathogens 

Killing t h e  host may involve several iac- 
tors. I n  a felv cases, incluillng tetanus, 
diphtheria,  botulism, and cholera, t he  
clinical symptoms of disease are caused by 
a single secreted toxln. Usuall\~,  however, 
toxins are onlv o n e  of several contributors 

~ n ~ c l e a t o r  of, actin monomers. A41 tho~~gh  to  disease. T h e  bacterial proteln toxins 
this is still a n  attractive p o s s ~ b ~ l ~ t y ,  a t  can  be divided Into three groups according 
present there is llttle evldence for ~ t .  A n -  to their site of actlon (45) .  ( I )  Toxins 
other posslbilit\~ is that A c t A  controls acting a t  the  plasma membrane, where 
movement by directly or indirectly generat- they interfere 1 ~ 1 t h  transmembra11e s~gna l -  
iqg or regulating the  a~-allablli t \~ of free ing pathways. This group includes the  E .  
barbed ends o i  act111 f~laments .  This is sup- coil heat-stable e n t e r o t o x ~ n  S T ,  which acts 
porteil by the  observation that bursts of dlrectly o n  the  trallsme~nbrane guanylate 
actin pol\~meriiation inside cells 111 response cyclase of Intestinal cells. ( i i)  Toxins that  
to stirnull can result from the  translent ap- alter melnbrane permeability, such as 
pearance of free barbeil ends, resulting el- pore-forming toxins of the  streptolysin 
ther from the uncapping or severing of actln O/listerlol\~sin O iamily, the  toxin alpha 
iilaruents. T h e  recent iinding o i  a n  A c t A  irom Staphyiococci ,  anil t he  RTX toxins 

ileletion mutant movlng discontinuously such as E. toll hemolysin. (i i l)  Toxlns that 
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act 1n5lLjc cclls, where thex- enxx-maticallv 
moilif\- a speclfic cytc~solic target. These 
toxins can be q~~bdlviilcd into sis catczo- 
ries accorciing to  their en:\-matic acti\-it\- 
(Table 7). Tosins  tha t  moilif'y host sub- 
strates arc among the  most potent because 
i ~ f  their catalytic nature. ~n addltlon to 
their l ~ e ~ n g  contined t c  the  intracellular 
env~ronment .  Thcsc tosins are often in- 
vcilveil in  channes to  the  host cell cy- 
toskeleton or sicnaline 17athn-a\-s. In  some ~. L 

cases, because o t  their speciticity, tl1c)- 
have hecome valuable t i~ols  for cell hiolo- 
gists; for example, the  C 2  toxin of Cloz- 
t~i,iicin~ bottilin~tni aclenos~ne L1~pllospl~ate 
(AL)P)-rihobrlates actin monoiner~,  r re-  
~ ~ e n t i n g  actin filanle~lt eliingation and result- 
ing in ci-iruylete Jepol~.meriration of cellular 
actin (46).  T h e  C3 t o s ~ n  frcim C .  /?ot~ih~ut~n 
inacti\-ares the small guanosi~le triphos- 
pllatase Rho, causing Liisorgani:atiixl of the 
cytoskeleton (4h) ,  whereas the E ,  ioli toxin 
CNF constitutivel\- activate5 it (47) .  

Another  t\-pe of host cell ilamage re- 
~1l t i11g from bacterial infectlo11 is the  ac- 
tlvatlon of the  cellular prograin of ayopto- 
sis or programnled cell death. T h e  flrst 
l~acteriuin shown to  ~ n d u c e  apiytosis was 
Shzgellcc f/ i .sr~cn, ~ ~ h i c h  syeclfically kills 
cultured macrophages but n i ~ t  epithelial 
cells (48). T h e  Sl~igzlla protein lpaB is 
sufiicient to  induce apoytosis, one  cit its 
se.i.eral t i ~ ~ l c t ~ o n s  (along with p a r t ~ c i p a t ~ n g  
111 i nvas~on  anil escapc from the  vacuole) 
(48) .  IpaB lilncis tci 1nrer1euki1-i-lp (IL- 
1p)-convcrtin: enrvme ( ICE) ,  a c\-stelne 
protease that  can  llllrlate apoptosls rvhen 
cx17resseii in cells 148 ) :  ICE is knon'n to  be , , 

actlvateil ciurlne Si~lgrlle~ in fec t~on ,  anil  ti 
~ n l ~ i b l r i o n  a h o l ~ s l ~ e s  Sli~gzlla-meiiiatd apo- 
prosls anLl IL-1P release. ( X s  an aside, the  
rolc of secreted IL-1P mav l>e to  induce 
inflammation anil neutroyhil  m~grar ion In 
eI~i t l le l~al  tissues, a process that  dlsruprs 
e ~ ~ i t h e l l a l  cell i~rnctlona ancl ia~.urs  the  
translocation of l~acter la  through the  ill- 

Table 2. Examples of Sac+eJal toxris 

testlnal I?arrier from the  apical facc of 
epithelial cells.) In  viva, S. jlex~ieri in,luc- 
es extensi\-e ayiiptosis o i  macrophage,  B 
cells, anil T cells, n - h l c l ~  are locatcd under 
bl cells (45) .  Thus,  iniluction o i  apoptosis 
mav be a11 impcirtant step in  the  patho- 
genc.;ia of Shigrlla as it breaches t h e  gas- 
tri~intcstinal harrier. 

Salil~o~iellii t~phini~t~.i~cin also iniluces apo- 
ptosis 111 inacrophages. Xlutants that  are 
unahle to induce host cell meiul.rane ruf- 
fling or t o  express the  type 111 protein 

secretion syrtem that  i? used to invade 
nonphagocytic cells fail tii induce ayopto- 
.;is (49) .  Ho~vever ,  c y t o t o x ~ c ~ t \ -  does not  
require hacterlal invasion 1-ecause apopto- 
sis call be detected after treatment o i  mac- 
ropllage> 1 ~ 1 t h  cytochalasin D, which pre- 
vents internali:atlon. 

Ayoptosib is also one of the  early 
e\-ents in libterlosis, o c c u r r i n ~  in ~ n k c t e i l  
hepatocytes in \-ivo as \\ell as In cultured 
hepatocytes ( 5 J ) .  But in this case ~t may 
be norklng to the  ail\-antage of the  host. It 
i? ashociated 1~1 th  the  release ~ f ~ ~ ~ ~ t r o l ~ l ~ i l  
c11emi)attractants. ancl ilurinir the  earlv 
stages of' ~nfec t ion ,  neutrophili  clear the  
ayoptotic cellular debris and klll the  Lis- 
tzna in  apoptotic cells. Studics in 1-ltro 
have demonstrated that  ayoptosls also 
takes nlace in cultured iiendrltic cells ( a n -  
r1gel-i-presenril~g cells present in the  lam- 
111a proprla of the  mouse intestine) and  is 
meLliatecl by listeriolys~n 0 (5C). 

T h e  strategy of activating programmed 
cell death mav lye \viLles~~reaii. Certain bac- 
terial tosms, inclucl~ng clipl~tl~eria rosin, 
Psai;lon~onccs e x o t o s ~ n  A, and cholera tos-  
in,  can induce apoptosls 111 vitro (51 ). In- 
iieeii, the induction of apoptobis in cells 
directly ~nvcilved in the  immune response, 
as s h o ~ r n  111 the  case of TSST1 tlonl Stclp11- 
\ ~ O ~ O C C I L S  crtirztis, a-hlch induces E cell a m -  
pros~s and inhibits ~mm~~no~lohulll-i~~l G pro- 
cl~rction il ) ,  may be of conz~iieral~le hene- 
fit for the  ~ n c o i n ~ n g  microl?e 

Control sf Bacterial Virulence 
Factor Production 

Controlled esuressioil o i  virulence factors is 
a lie\. point in  the  ailaptation o i  pathogells 
to their host cir thelr environment. This 
control can he accomplisheil a t  different 
levels: I11 aililltion to the classical transcrip- 
tional regulation, recently discovered types 
of control allow I?atl~ogei~s to regulate es-  
pression of their v in~lence factors ( 1  ). 

Transcriptlol~ of virulence genes is con- 
trolled by a series of regulators incluiii~lg 
AraC-l~ke and LysR-llke transcriptio~lal ac- 
tivators; slnall proteins that affect DNA 
topology such as H-KS; alternate a factors; 
and the classical two-component regulatory 
systems. Recently, this latter system was 
sho~vn  to be inciuceil after vilus-meiliared 
aJherence of uropathogenic E.  coli (52). 

O n e  opl~is t lcated strategy for a bacterial 
pol~ulatlon to coorclmately turn on expres- 
sion of a virulence factor 1s "cjuorum sens- 
ing": 'acteria measure their popularlo11 den- 
sity a11d only virulence factors when 
they have reacheil a critlcal denslty, presum- 
ably that needed to overcome the e n s ~ ~ i n g  
host defenses. T h e  signal that activates the 
generalized expression of the virulence fac- 
tor is triggered by the accumulation of a 
illff~~sil,le small molecule to a certain thresh- 
old. This molecule acts as a cofactor to 
promote rranscr~ytion. Such ~luorum sensing 
svsrems have l ~ e e n  identified in P. crzr~cei~~osa 

L 

(53) and several other pathogens. 
Two other ways of reg~dating product~on 

of virulence factors are found 111 type I11 
secretloll systems. First, as demonstrated in 
the 'fops systenls and in  the Ipa system, there 
is a protein (YopN or IpaD) that acts as a 
cork to prevent secretion of the 'fops or Ipas 
(Flg. 3). Upon contact m ~ r h  the inainmallan 
cell, this protein 1s released and the Ipas or 
'fops proteins are secreted. Second, there is 
collrrol of LcrQ, a n q a t l v e  regulator of the 
Yz~zinia Yop system (-54). Upon contact with 

C n z y ~ ~ a t ~ c   act^^ lty (reference1 Toxn Targete Eriect 

Deourlnase ;45; 
Adenylate cycase (451 
Z~nc proteese (45) 

ADF rbosy transferass $5) D ~ h t h e r a  tox~n EF2 Blockade of proten sytithes~s, cell death 
P, ae!-ugi!?osa exotox~n A EF2 B o c e d e  of protell? synthes~s, cell deatii 
Ciiolera toxn, E coil LT Gs Increase II? CAMP, alteration of oermealcrility 
Pe&iss/s toxri GI. Gi Increase ~n CAMP, varlo-s effects 
Ciosn?di~/~?? boic,ii~?i~,n C i  Actn Actti depolyrrerzation 
C, borui:'t?~i,?: C3 Ri-o (-1 F-actin d~sorganzaton 
Shga toxti rRNA 2% Blockade cf prcten synthesis, cell death 
B oe:;c,ssis AD. iiemolys~n None Increase in CAMP 
T e t a ~ i ~ ~ s  toxin VAM P Blockade of exocytos~s 
30?:ii:t?,in? toxns B, D F, G VAMP Blockade of exocytos~s 
B o r ~ ~ ! / t ? ~ ~ r n  toxlr;s A E SNAF25 Slociade of exocytos~s 
Boii/ii~?urr toxns C Syntaxn, SNAP25 Blockade of exocytos~s 

UDP-glycosy-tratisferase (56) Ciosi~rdium difhci:'e toxns A, B RPo(-), Rat(-), CDC4i(-) F-actn dsorgan~zaton 
Ciosn-icliuln sordeiiii LT Ras(-!. Rap(-!. Rat(-! Cell shape changes 

Dearr~iase (57) E, coil CNF, B, serlussis DNT Rro(+j Membrane ruff~lig, actin po ymerization 

' 1 ,  nc b ~ t  c11 t ,  ~011stt~itl~e actl~at CI- 



mammalian cells, LcrQ is exported through 
the Yop-type III secretion system, thereby 
lowering LcrQ concentrations inside the bac
teria and enhancing Yop expression (Fig. 3). 
This regulatory system allows the bacteria to 
tightly coordinate virulence factor expression 
and contact with mammalian cell surfaces. 

Conclusions 

The progress described in this article, much 
of it from developments at the interface with 
other disciplines, is not an end in itself. 
Rather, it serves to open up a large number 
of possibilities for the understanding of the 
biology of bacteria and the diseases they 
cause. It should not be forgotten that the 
study of a bacterial pathogen in cultured cells 
is a reductionist approach and an artificial 
situation, and that diseases need to be con
sidered in the context of their complex 
mammalian hosts. There is now7 an urgent 
need to apply the new information in animal 
models, bearing in mind that animal infec
tions may be different from human infec
tions and that single-strain infections often 
do not necessarily reflect the real situation. 
The issue of interbacteria competition also 
needs to be addressed: As a pathogen colo
nizes a mucosal surface, it is usually in com
petition with the normal flora, and even 
with other pathogens. Finally, integration of 
host genetics, physiology, and immune sys
tem, wdiich play critical roles in the outcome 
of infection, is necessary for a full under
standing of pathogenesis. 

The identification and understanding of 
bacterial virulence factors is providing useful 
information for the development of new 
vaccines. Specific virulence factors, usually 
toxins (either wild type or mutated), can be 
used in component vaccines, and genetic 
mutation of virulence factors often cripples a 
pathogen sufficiently for it to be considered 
for use as a live attenuated vaccine strain, 
and even to use it to express and deliver 
heterologous cloned antigens. Knowledge of 
where the pathogen targets are in the body 
and the ensuing host immune response to 
these infections provides additional oppor
tunities for vaccine development; for exam
ple, pathogens that target mucosal surfaces 
are being used to develop mucosal vaccines. 

Are we on the way to developing new7 

therapeutics ? A better understanding of the 
whole infectious process should aid the de
sign and targeting o{ drugs for various infec
tions. Discoveries concerning the molecular 
events involved in the expression of viru
lence factors, the targeting of virulence fac
tors to the bacterial surface or their secre
tion, and the mechanisms regulating their 
expression, will generate new targets to test 
for various inhibitors. With the continued 
progress in cellular microbiology and micro

bial pathogenesis, and the prospect of com
pleting the genomic sequences o{ most of 
the pathogens [see {55) in this issue], infor
mation will increase exponentially. The ma
jor challenge for the future will be how to 
exploit this wealth of information to devel
op new therapeutics. 
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