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SUMMARY

Enteroinvasive Escherichia coli (EIEC) preferentially invaded mul-

tinucleated Hela cells which arose naturally in monolayer cultures at a
low frequency. Data suggests that enhancement of the penetration step
accounts partly for increased invasion of multinucleated cells. Treat-
ment of Hela cell monolayers with polyethylene glycol (PEG) led to cell
fusion, and invasion of PEG-treated monolayers by EIEC was increased by
an average of 7-fold compared to untreated Hela cells. Treatment of
Hela cells with PEG had no significant effect on the 1low 1level of
cell-association displayed by noninvasive organisms and thus,
PEG-treated Hela cells appeared to retain their selectivity for EIEC.
The microfilament disrupting agent cytochalasin B (CB) reduced EIEC in-
vasion by more than 50-fold. Furthermore, CB depressed the extent of
EIEC invasion of PEG-treated and untreated Hela cells to equivalent lev-
els. The large, multinucleated Hela cells generated by PEG treatment
revealed a striking accumulation of EIEC in cellular extensions. This
study demonstrates that alteration of Hela cell morphology results in

increased invasion by EIEC.

Colonial variants of Neisseria gonorrhoeae differ in their interac-

tions with eucaryotic cells. Gonococci giving rise to the opaque colony
type possess one or more proteins II in their outer membrane. When
gonococci were cultivated with Hela cell monolayers, the opaque pheno-
type Dbecame increasingly dominant in the subpopulation of organisms

which adhered to the HelLa cells. Once bound, opaque organisms displayed



very low 1levels of detachment. Adherent opaque gonococci exhibited
generation times up to three-fold greater than cultures containing
gonococci in the absence of Hela cells. In addition, the progeny of
adherent opaque organisms remained bound to the Hela cell monolayer.
Both piliated and transparent colony types attached to Hela cells, but
their progeny were retained less efficiently. Gonococci bound to Hela
cells were subjected to the bactericidal action of fresh rat serum and
approximately 0.5% to 2.5% survived, irrespective of their opaque or
piliation phenotype. Incubation with gentamicin resulted in a 10- to
50-fold further reduction in viablility. Pretreatment of Hela cell
monolayers with CB diminished gonococcal survival in either serum or
gentamicin by up to 8-fold. 1In contrast, CB treatment did not decrease

the survival of the commensal organism Neisseria sicca. The data sug-

gests that very few gonococci are completely interiorized, and a small
proportion of adherent gonococci are partially protected from the

soluble-phase environment by Hela cells.

Binding of the opacity-associated Protein II (P.IIop), P.IIa, to
eucaryotic macromolecules was studied. HeLa cell extracts were sub-
jected to SDS-PAGE and transferred to nitrocellulose, and purified P.IIa
bound to approximately 30 to 50 distinct molecular species. The binding
of P.ITa to Hela cell components was stable in high NaCl and nonionic
detergent, and was not inhibited by monosaccharides. The Dbinding
behavior of P.IIa was compared to that of two model carbohydrate-binding
proteins, wheat germ agglutinin (WGA) and concanavalin A (ConA).

Glycoproteins (ovomucoid, fetuin, mucin, ovalbumin) inhibited binding by



P.IIa, WGA, and ConA to variable degrees. Hela cell glycopeptides,
generated by pronase digestion of chloroform:methanol-extracted cells,
were tested for their ability to inhibit binding by P.IIa to Western
blots of Hela cell macromolecules. Hela cell extracts inhibited P.IIa
binding prior to pronase treatment, but inhibitory activity was lost as
a result of pronase digestion. Direct binding to defined glycosylated
and nonglycosylated proteins revealed that ConA and WGA bound only
glycoproteins, whereas P.IIa bound to proteins lacking carbohydrate as
well. The basic P.IIa was compared tc another P.IIop whose overall net
charge was significantly less (P.IIc). Both P.IIa and P.IIc displayed
similar binding specificities and affinities. The predominant binding
interactions of P.IIa and P.IIc were with protein rather than eucaryotic
carbohydrate, and the chemical nature of the interactions was more com-

plex than the involvement of purely ionic or purely hydrophobic forces.

Gonococci expressing P.IIa, P.IIc, neither or both were compared
for colonial opacity, adherence to Hela cells, and growth under stress-
ful conditions. Both the quantity and type of P.II determined colonial
opacity. Gonococcal adherence to Hela cells correlated with both opa-
city and P.II content. Environmental factors distinguished between
gonococci expressing distinct P.IIop molecules in a manner independent

of opacity. The role of P.II as a determinant of tissue tropism is dis-

cussed.
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Parasitism was defined by Theobald Smith in 1934 as having four
basic requirements (Smith, 1934; Francis, 1952). The first is that the
bacterium gains entrance to the host, and this most often occurs through
an opening (oral, urogenital) which leads to a mucosal epithelial sur-
face. Secondly, the organism adapts to its new environment and repli-
cates. If this is achieved without damage to the host and the bacterium
becomes part of the normal flora, it is considered to be a commensal.
The organism which injures the host and causes disease is pathogenic.
Although the initial contact is with the mucosal surface, many microor-
ganisms go on to invade individual cells and deeper tissue. The bac-
terium must ward off host defenses such as the immune response. It must
also compete for nutrients in order to grow. The third requirement for
parasitism is that the organism exit the host, and lastly, that it be
transmitted to a new host. This thesis is concerned with the adaptation
and growth of pathogenic bacteria, and cultured epithelial cells are em-

ployed as an in vitro model.

The two bacterial pathogens under study are enteroinvasive Escher-
ichia coli (EIEC), a causative agent of bacillary dysentery, and Neis-

seria gonorrhoeae, the causative agent of gonorrhea. The clinical

disease caused by EIEC is indistinguishable from that of Shigella, tak-
ing place in the intestine where the organism invades cells of the ep-
ithelial lining, multiplies, and destroys the mucosa. The ability to
enter epithelial cells (invasion) is a primary virulence factor of

"shigellae-like" E. coli. Neisseria gonorrhoeae is another example of

an invasive organism, however, it is less clear whether invasion is es-
sential for gonococcal disease. The primary site of gonococcal

infection is the urethra and cervix of men and women, respectively. The
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gonococcus can also cause pharyngitis, conjunctivitis, and anorectal in-
fection at mucosal sites, pelvic inflammatory disease (including sal-
pingitis), bacteremia, and disseminated infection. While invasion seems
to be associated with the more serious clinical manifestations, survival
on the epithelial cell surface appears to be important in uncomplicated

gonococcal infection.

1.1 ADHERENCE

1.1.1 Overview

Attachment to the epithelial cell surface is considered to be an
important first step in tissue colonization (Beachey, 1981). The cur-
rent view is that adherence is achieved through an "adhesin" which
recognizes a molecular conformation on the epithelial cell in a
lock-and-key fit (eg., carbohydrate), or by less defined means involving
one or more bacterial surface components engaged in electrostatic and/or
hydrophobic interactions. An early observation of the adherence proper-
ties of bacteria was the agglutination of red blood cells by E. coli
(Guyot, 1908). Electron microscopy of hemagglutinating bacteria
revealed filamentous appendages which were termed "fimbriae" (Duguid et
al., 1955), and often referred to as "pili" (Brinton, 1959). Hemagglu-
tination induced by certain bacteria could be blocked with mannose, and
the fimbriae of these organisms are designated mannose-sensitive or type

1 fimbriae (Collier and de Miranda, 1955; Duguid and Gillies, 1957);
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this probably represents the first demonstration of lectin-like binding
activity by a bacterial adhesin. The importance of adherence in bac-
terial pathogenesis is illustrated with type 1 fimbriated E. coli,
which colonizes to a lesser extent when administered in mouse bladders
in the presence of A-methylmannoside (Aronson et al., 1979). Similarly,

experimental urinary tract infection caused by uropathogenic E. coli

bearing P fimbriae, which recognize Gal%1—>4Gal-containing glycolipid
(Bock et al., 1985), was diminished by administration of the 1ligand
analogue globotetraose (Svanborg-Eden et al., 1982). Furthermore, the
susceptibility of an individual to infection with P-fimbriated organisms
correlates with P blood group type and the density of globoside in their
tissue (Leffler et al., 1982). Thus, host range is determined in part
by the availability of attachment sites, and colonization can be limited

if the ability to adhere is impaired.

If a bacterial structure is to be identified as an "attachment fac-
tor", it should confer an adherence advantage on the organism. One ex-
ample of an attachment factor is the pilus, a complex structure composed
of hundreds of polymerized subunits of pilin, its major protein.
Genetic manipulations on organisms bearing P fimbriae have demonstrated
that a number of cistrons are required for adhesion, and that a single
mutation can be made which diminishes adherence and leaves pilus fiber
formation intact (Norgren et al., 1984). The finding that the pilin
subunit in itself is not sufficient for adherence has reshaped some of
our concepts on the role of the pilus in attachment. Definition of an
"adhesin" in molecular terms requires direct involvement in a
receptor-ligand relationship. To prove that a particular molecule is an

adhesin requires identification of its ligand. Since it is probable
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that one of the primary defensive roles of secretory IgA is to block at-
tachment of microorganisms to the mucosal surface (Williams and Gibbons,
1972), identification of the molecule engaged in direct contact may be

of practical importance in vaccine development.

There is substantial evidence which suggests that many adhesins
specifically recognize carbohydrate in a lectin-like fashion, and not

all of these interactions are mediated by fimbriae. Streptococcus mu-

tans uses its glucosyltransferase and a surface glucan-binding protein
to bind glucan, which in term absorbs to dental enamel (Christensen et
al., 1985). Adherence mechanisms of a non-carbohydrate nature have also

been proposed. Streptococcus pyogenes binding to buccal cells 1is

mediated by the 1lipid moiety of 1lipoteichoic acid interacting with
fibronectin present on the epithelial cell surface (Courtney et al.,
1983). There are many attachment factors whose 1ligand specificity
remains undefined. The overall hydrophobicity of an organism can cor-
relate with its ability to adhere to other surfaces (Garber et al.,
1985; Falkowski et al., 1986; Sobel and Obedeanu, 1984; Nesbitt et
al., 1982; Speert et al., 1986), and the hydrophobic properties of fim-
briae may serve to increase adherence, but this would not necessarily
involve a precise stereochemical fit. It has been proposed that through
the hydrophobic bridging of the bacterium to the epithelial cell, the
interactions between lock-and-key complements are facilitated (Smyth et

al., 1978; Sobel and Obedeanu, 1984).
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1.1.2 DNeisseria gonorrhoeae

Gonococci grown on solid agar medium give rise to colonial types
which vary in size, edge sharpness, darkness, and opacity (Kellogg et
al., 1963). Colonies can be viewed on a dissecting microscope with re-
flecting substages (diffuser and mirror). The variations in colony type
represent major structural differences on the surface of gonococcus.
Negative staining reveals that small colonies with sharp, refractile
edges bear pili (P") (Swanson et al., 1971; Jepcott et al., 1971). Im-
provements in the medium led to better growth of the organisms which
give rise to dark, opaque colonies (Swanson, 1978a). Thin sections of
dark, opaque colonies show individual cocci adjoined to one another at
their outer membranes through numerous zones of adherence, which have an
intercellular space of about 2 nm (Swanson, 1978a; Swanson et al.,
1971). The intergonococcal adhesions account for the altered transmit-
tance of light through opaque colonies. Transparent colonies appear
light with the diffuser, and colorless to slightly blue with the mirror.
They are shown to contain separate diplococcal units by electron

microscopy (Swanson et al., 1971).

Colonial morphology is correlated with virulence of the gonococcus.
Piliated organisms are generally virulent in human volunteers whereas
nonpiliated gonococci are avirulent, and most fresh clinical isolates
are piliated (Sparling and Yos, 1967; Kellogg et al., 1963). In con-
trast, clinical cultures vary widely in their degree of opacity. Male
urethral isolates are predominantly dark and opaque as are pharyngeal
and rectal isolates, whereas female cervical isolates are opaque near

ovulation and largely transparent at or near the time of menses (James
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and Swanson, 1978b). Isolates from the fallopian tube and from dissem-
inated sites (blood, joints) are mostly transparent (Draper et al.,
1980). The transparent colony types isolated from females near menses
show increased resistance to trypsin, suggesting that environmental fac-
tors may influence the ability of opaque organisms to persist at partic-

ular anatomical sites (James and Swanson, 1978b).

Interactions of gonococci with other cells is related to colony
phenotype. Pili provide the organism with enhanced ability to adhere to
human amnion cells (Swanson, 1973). Organisms tend to attach above the
perinuclear cisternae, and fibrils radiating from the bacterium surface
are seen in contact with the amnion cell membrane. Piliated gonococci
adhere more avidly to fallopian tube organ cultures (FTOC) than do non-
piliated organisms, and bind specifically to nonciliated, columnar ep-
ithelial cells (Ward et al., 1974). In addition, pili-mediated
attachment to FTOC is species-specific suggesting that gonococcal pili
are determinants of host range, which is limited to humans (Johnson et

al., 1977).

The cell-cell interactions associated with opaque colonies appear
to involve a protease-sensitive molecule (Swanson, 1978a). Addition of
trypsin to broth cultures of opaque gonococci leads to an rapid initial
increase in colony-forming units, suggesting that the glue-like surface
component of opaque colonies is proteinaceous and upon its digestion,
the clumps of bacteria dissociate. Addition of trypsin at a position
adjacent to opaque colonies growing on solid medium results in a more
transparent appearance within 2 h. A family of outer membrane proteins

associated with colonial opacity has been identified and designated
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Protein II (P.II), although not all P.IIs give rise to opaque colonies
(Heckels, 1977; Walstad et al., 1977; Swanson, 1977). The apparent
molecular weight of P.IIs range from about 24,000 to 30,000 and all
share the property of heat-modifiabilty, whereby their migration on
sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) is re-
tarded following solubilization at 100°C. P.IIs are susceptible to di-
gestion by trypsin and killing of opaque colonies by trypsin correlates
with P.II degradation (Swanson, 1978b). Association of gonococci with
polymorphonuclear leukocytes (PMN) was found to be mediated by a
trypsin-sensitive, nonpilus association factor (Swanson et al., 1974),
later identified as Protein II, but this factor does not always give
rise to colonial opacity (Swanson, 1977; Swanson and King, 1978).
Gonococci giving rise to opaque colonies and bearing P.II on their sur-
face display an increased association with buccal epithelial cells com-
pared to P.II-deficient organisms and furthermore, the degree of
adherence varies for each P.II molecular species (Lambden et al., 1979).
In addition, opaque gonococci bind better than their transparent coun-
terparts to Hela (cervical epithelial) cells (James et al., 1980) and to
Chang conjunctiva epithelial cells (Virji and Everson, 1981). The dif-
ferential binding of P.II-bearing organisms to eucaryotic cells in vitro
and the preponderance of opaque gonococci at certain anatomical sites,
has led several investigators to suggest that P.II-mediated attachment

is a determinant of tissue tropism.

In summary, most (but not all) P.II-bearing organisms are opaque
and all opaque gonococci possess P.II. The only apparent exception to
the latter statement are P.II-deficient light colonies which appear to

have opaque centers and transparent rims and are quite distinct
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(unpublished observations). All dark, opaque colonies display extensive
intergonococcal aggregation through zones of adherence. Many organisms
bearing opacity-associated P.II (P.IIop) show increased adherence to ep-
ithelial cells. An increase in association with PMNs is attributed to
P.IIs which may or may not give rise to opaque colonies (P.IInop,
nonopacity-associated P.II). In conclusion, both pili and P.II qualify

as attachment factors of the gonococcus.

The contribution of P.II and pili to surface hydrophobicity has
been explored. No correlation is found between the binding of
P.II-bearing gonococci to buccal epithelial cells and to hydrophobic
substituted gels (Lambden et al., 1979). Two-phase partitioning of
gonococci in polyethylene glycol and dextran show nonpiliated organisms
to be slightly more hydrophobic than those which are piliated (Magnusson
et al., 1980). On the contrary, colony size and convexity (doming) can
be best explained by the hydrophobicity of pili, whereby pili would tend
to associate with other hydrophobic surfaces (such as themselves) rather
than with the aqueous agar surface (Swanson, 1977). Opaque colonies are
sometimes noticably smaller and have better defined edges than their
transparent counterparts (unpublished observations). In addition,
piliated gonococci (and opaque to a lesser extent) can be selected for
by pellicle formation in static broth culture (M. Xoomey, personal
communication) ; pellicle formation correlates with increased surface
hydrophobicity in other organisms (Speert et al., 1986). Opaque
colonies are found to be more hydrophobic than transparent by measure-
ment of the contact angle of a liquid droplet placed on top of the
colony (James, 1986). It is difficult to draw conclusions on net

surface hydrophobicity based on these incongruous findings. The
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importance of hydrophobicity in gonococcal attachment is not

established.

Protein II and pilin represent independent families of proteins
which undergo antigenic and phase variation, whereby the synthesis of
P.II or pilin is switched on and off at a high frequency (about 1072),
and switching to different molecular forms occurs as part of this
mechanism. Phase and antigenic variation of pili can be attributed to a
single, nonreciprocal intragenic recombinational event, and it appears
that the capacity for antigenic variation of pilin protein is tremendous
(Koomey and Falkow, 1985; Hagblom et al., 1985; Bergstrom et al.,
1986; Swanson et al., 1985; Meyer et al., 1982). The pilin subunit is
approximately 20 kDa, and is comprised of an immunorecessive N-terminal
portion which is believed to contain a conserved binding region, and an
immunodominant, variable C-terminal portion (Schoolnik et al., 1984).
Antibodies directed against peptides corresponding to conserved se-
quences of pilin can block the attachment of piliated gonococci to en-
dometrial cells (Rothbard et al., 1985). The ligand recognized by pili

in mediating attachment to epithelial cells remains undefined.

A single gonococcus can express multiple P.IIs (up to about 3) at a
time, and 6 to 8 P.IIs of distinct molecular size have been identified
in most strains examined (Heckels, 1977; Swanson, 1977; Black et al.,
1984). This estimate roughly corresponds to the number of distinct P.II
genes per organism (Connell et al., 1986). Whereas pilus phase varia-
tion often involves extensive genomic rearrangement, opacity phase vari-
ants ’sﬁow no heterogeneity in hybridization patterns with a probe

corresponding to a large portion of the opacity structural gene (Stern
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et al., 1984; Stern et al., 1985; Stern et al., 1986). The DNA se-
quence corresponding to the leader peptide contains anywhere from 7 to
28 repeats of the pentamer CTCTT; it is postulated that the number of
repeats in the leader sequence determines whether the correct reading
frame is available for translation of a functional protein, and thereby
phase switching is regulated (Stern et al., 1986; Connell et al., 1986)
. It is not known what mechanism controls the number of copies of the
CTCTT element. Antigenic variation of P.II appears to involve a gene
conversion event based on differences in Southern hybridization patterns
using probes corresponding only to variable portions of the opacity gene
(Stern et al., 1986). Comparison of DNA sequences of P.IIs from strain
MS11 reveals 3 major variable regions: a small region at the
N-terminus, and larger regions mapping at the N-terminal side near the
center of the mature molecule (HV1) and the other at one-third the dis-
tance from the C-terminus (HV2) (Connell et al., 1986; Stern et al.,
1985; Stern et al., 1986). Peptide maps of chymotrypsin digests of
P.IIops originating from different strains display a moderate degree of
structural homology, as do P.IIops and leukocyte-association factors

(Swanson, 1980a).

Cell surface-labeling by iodination and proteolytic treatment of
intact gonococci demonstrate that P.IIs are accessible on the surface
(Swanson, 1978b). Tryptic peptide maps of surface-labeled P.IIs
demonstrate that the few peptides which are unique to an individual P.II
are surface-exposed, and based on their chromatographic position are
probably more hydrophilic +than the other peptides (Heckels, 1981).
Cyanogen bromide cleavage at a single site generates common and distinct

halves of P.II molecules of strain P9, and both are accessible to
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surface labeling (Heckels, 1981). PFurther studies on peptide maps of
surface-labeled P.IIs reveals that unique peptides are located at both
exposed and buried positions, and that several of the common peptides
are exposed to the surface (Judd, 1985). When intact organisms undergo
extensive digestion with trypsin, a 6,000 dalton fragment remains asso-
ciated with the membrane, suggesting that as much as 75% of the molecule

is not buried in the membrane (Blake et al., 1981).

The surface disposition of common and variable antigenic domains of
P.II has been studied. Immunization of rabbits with P.II-bearing
gonococci elicits antibodies directed largely at the homologous P.II
used for immunization (Swanson and Barrera, 1983). Antibodies raised by
immunization of rabbits with P.II-bearing outer membrane vesicles (OMV)
anl tested against OMVs bearing homologous and heterologous P.IIs dis-
play strong reactivity with the homologous P.II-bearing OMVs only (Diaz
and Heckels, 1982). These results indicate +that when P.IIs are
presented on the intact gonococcal surface, the immunodominant regions
are unigue for that P.II species. However in other studies, whole
gonococcus immunization elicits antibodies having strong reactivity to
P.IIs of other strains as well (Blake and Gotschlich, 1984); the reason
for the inconsistent findings is not known, but it may be that the
surface-exposed common domains of P.II demonstrated by peptide mapping
(Judd, 1985) are sufficiently immunogenic. Purified P.II administered
in Freund's adjuvant elicits antibodies that are cross-reactive with
most other P.II species from either the same or different strain, tested
on immunoblots in their heat-modified form (Swanson and Barrera, 1983)
and tested by enzyme-linked immunoabsorbant assay in their native form

(Blake and Gotschlich, 1984). However, others observe that some
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purified P.IIs (injected in Freund's adjuvant) elicit antibodies dis-
playing little cross-reactivity with heterologous P.IIs, and thus it is
not entirely clear whether the common domains of P.II are more im-
munogenic when presented in a purified and denatured form (Newhall et
al., 1985). Monoclonal antibodies have been produced which are specific
to individual P.II molecules (Newhall et al., 1985; Black et al., 1984)
, confirming that intrastrain antigenic variation occurs among P.IIs.
It has been proposed that the exposure of distinct antigenic moieties on
the gonococcal surface may contribute to the variability among P.IIs in
their ability to adhere to a particular cell type (Swanson and Barrera,

1983).

Interactions between P.II-bearing gonococci and eucaryotic cells
can be blocked with monoclonal antibodies directed against P.II. At-
tachment of opaque gonococci to Hela cells is diminished following pre-
incubation of the organisms with anti-P.II Fab fragments (Sugasawara et
al., 1983). Similarly, gonococcal-mediated stimulation of
chemiluminescence in neutrophils is blocked following preincubation with
anti-P.II monoclonal antibodies specific for the P.II present on the
gonococcal surface (Rest et al., 1985; Virji and Heckels, 1986). These
findings strongly suggest that P.II is engaged in direct contact with
eucaryotic cells. A role for surface carbohydrate in P.II-mediated
adhesion has been addressed by several investigators. Attachment of
P.II-bearing OMVs to buccal cells is not inhibited in the presence of a
variety of sugars, but binding is diminished following treatment of the
buccal cell surface with glycosidic enzymes (Heckels, 1982). It has
been reported that stimulation of the neutrophil oxidative burst by

P.II-bearing gonococci is blocked in the presence of 100 mM
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beta-D-glucosamine, N-acetyl-D-neuraminic acid, and mannose (Rest et
al., 1985). Purified P.IIop binds directly to purified gonococcal lipo-
polysaccharide (LPS), whereas P.IInop fails to bind; data indicates
that it is the oligosaccharide portion of LPS which participates in this
interaction and not 1lipid A (Blake, 1985) (M. Blake, personal communi-
cation). It is proposed that a receptor-ligand relationship between
P.IIop and LPS underlies the basis for the intergonococcal adhesions
which give rise to the opaque colony phenotype (Blake, 1985). Radiola-
beled whole gonococci were tested for binding to a variety of glycos-
phingolipids separated on a thin layer chromatogram (Deal et al., 1986),
a technique which has ©been used successfully to demonstrate
digalactose-specific binding by uropathogenic E. coli (Bock et al.,
1985). Gonococci bind to lactotriaosylceramide, and binding is indepen-
dent of both piliation and the presence of P.II. Neither pili-dependent
or P.II-dependent binding to any glycolipid is observed in these
studies. The common adhesin is tentatively identified as a 22.5 kDa

protein distinct from pilin.

In summary, both P.II and pili qualify as attachment factors. In-
hibition of gonococcal attachment with antibodies directed against P.II
or pilin provides strong evidence that each of these proteins act as
adhesins engaged in direct contact with the adjacent cell surface. The
contribution of pili and P.II to net surface hydrophobicity is not en-
tirely clear. The ligands recognized in P.II-mediated and pili-mediated
adherence have not been characterized. In Chapter 4, the nature of

P.IIop'interactions with other macromolecules is chemically defined.



Page 16

1.2 INVASION

1.2.1 Overview

Histopathological examination of infected mammalian tissue by light
microscopy shows penetration by some microorganisms into the lamina
propria which underlies the mucosal epithelial lining (Harkness, 1948;
LaBrec et al., 1964). Electron microscopy confirms that bacteria gain
access to subepithelial tissue by passage in between cells of the
mucosal epithelial 1lining, or by entry into the interior of an ep-
ithelial cell (Takeuchi, 1967; Takeuchi et al., 1965). The term "inva-
sion" is often used loosely to describe both of these events, but I
shall restrict its definition to the process by which a bacterium gains
access to an intracellular locale and survives its new environment.
Following adherence to the epithelial cell surface, invasive bacteria
are internalized by endocytosis, maintained intracellularly within a
membrane-bound vacuole or lie free in the cytoplasm, may or may not re-
plicate at an intracellular site, and exit from the host cell by exo-
cytosis or cell lysis. The intracellular environment of the host may be
advantageous to the bacterium by providing a protective haven from the
immune response or a nutrient-rich milieu favorable to growth. DPassage
through the epithelial cell and penetration into deeper tissue allows an
organism to enter the bloodstream from which it can disseminate to dis-
tal sites throughout the body. Bacteria which are invasive include

pathogens of the genus Shigella, Neisseria, Yersinia, Salmonella,

Chlamydia, and Rickettsia.
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Invasive bacteria appear to enter epithelial cells by a phagocytic
mechanism. Phagocytosis has been best studied in those cells considered
to be "professional" phagocytes: macrophage and PMNs. Phagocytosis by
macrophage and PMNs is promoted through specific receptors (eg., IgG and
complement), whereby an attached particle is enveloped by plasma mem-
brane through sequential and circumferential interactions of receptors
with ligand (Griffin et al., 1975). The initial surface stimulus which
precedes the endocytic event is coupled to movements of ions across the
plasma membrane (Korchak and Weissmann, 1978). Ingestion is an
energy-dependent process, requiring microfilaments for pseudopod exten-
sion. A filamentous network of actin and myosin lies beneath the plasma
membrane at the base of the endocytic cup; actin polymerization, gela-
tion, and contraction, controlled in part by the local concentration of
calcium, are believed to provide the driving force behind formation of
the phagocytic vacuole (Hartwig and Stossel, 1976; Reaven and Axline,
1973). The fungal-derived drug cytochalasin B (CB) prevents phago-
cytosis by blocking actin polymerization, and this drug also affects
cell shape and other cell movements such as locomotion and plasma mem-
brane ruffling (Zigmond and Hirsch, 1972; Davies et al., 1973; Hartwig
and Stossel, 1979). When the tips of the advancing pseudopods meet, the
membranes fuse and the particle Dbecomes contained within a
membrane-bound vacuole. Nonopsonized particles are phagocytosed follow-
ing recognition by other receptors, such as the mannose receptor which
mediates uptake of yeast cell walls (Sung et al., 1983), or perhaps by
mechanisms not req