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Epithelial cell infection by Shigella flexneri 2a was studied in an in vitro model
system. Using the Henle 407 human intestinal epithelial cell line as host cells, a

standardized experimental protocol which allowed quantitative measurement of
infection was developed. Intracellular residence of infecting organisms was con-

firmed by indirect fluorescent-antibody staining of unfixed and methanol-fixed
(Henle 407) cells and by quantitative bacteriological culture of disrupted host
cells after infection. The process of shigella entry into cells was evaluated by
chemical or physical modulation of the bacterium under controlled experimental
conditions. Shigellae were subjected to mild heat, ultraviolet radiation, aminogly-
coside antibiotics, and immunoglobulins raised against S. flexneri 2a. The data
show that heat-stable antigens on the bacterial surface are not solely responsible
for infectivity of S. flexneri 2a. Furthermore, it was shown that physiological and
synthetic functions of shigellae are required for entry into host cells.

An essential feature of bacillary dysentery
(shigellosis) in humans is the development of
ulcerative lesions in the colonic mucosa; this
breach in the integrity of the epithelium allows
erythrocytes and inflammatory elements to
reach the intestinal lumen. On the basis of re-
sults obtained in studies of (i) oral infection of
rhesus monkeys and starved guinea pigs, (ii)
infection of guinea pig conjunctiva (Sereney
test), and (iii) in vitro infection of HeLa cells, it
has been established that the critical event in
the onset of overt infection is the entry ("pene-
tration") of virulent shigellae into epithelial cells
(15, 20). This insight, gained from experiments
utilizing laboratory models, has been useful in
understanding the pathogenesis of bacillary dys-
entery in humans. The most useful experimental
model developed to date for studying the path-
ogenesis of shigellosis employs oral infection of
simian hosts. However, the complex symbiotic
and antagonistic bacterial relationships in the
intestinal environment of conventional animals
as well as the technical difficulties inherent in
manipulation of an intact animal host make this
experimental system unsuitable for analysis of
infection at the cellular level. For similar reasons
the Sereney test and oral infection of starved
guinea pigs are useful primarily as qualitative
screening tests for virulence of shigella isolates.
Data which define the role of the bacterium

in the entry of virulent shigella into a host cell

t Present address: Walter Reed Army Institute of Re-
search, Washington, DC 20012.

are fragmentary (8, 24-27). The contribution of
the host cell in the initiation of infection is
unknown. The primary objective of these studies
was to assess the roles of the pathogen and host
cell by exploiting an in vitro cell culture model.
The tissue culture system developed is amenable
to precise experimental manipulation and yields
data which can be quantitated accurately. An a
priori assumption is that shigella infection of an
epithelial-like cell in culture is analogous, at
least in its fundamental aspects, to infection of
an epithelial cell of the colonic mucosa. Such an
assumption is supported by the fact that virulent
strains of Shigella sp. capable of inducing dys-
entery in humans or other animals can also
infect appropriate tissue culture cells; in con-
trast, avirulent strains do not infect these same
cell lines in vitro (15, 19, 20). These observations
also suggest that bacterial virulence factors op-
erative in vivo and in vitro are identical.

Infection of cell cultures in vitro is useful since
a relatively uniform population of cells can be
infected under defined conditions. This allows
for selective modification of either the infectious
agent or the host cell (20, 24-27) and constitutes
the rationale for these studies. This report de-
scribes experiments designed to assess the role
of Shigella flexneri 2a in the infection of Henle
407 cell monolayers. The in vitro assay devised
to quantitate shigella infection is validated. Ev-
idence is presented suggesting that metabolic
activity on the part of the infecting bacterium is
a prerequisite for entry into the host cell. Spe-
cific heat-stable surface antigens unique to S.
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flexneri 2a are apparently not the sole factor
responsible for the initiation of infection. An
accompanying paper focuses on host cell partic-
ipation in the infection process (10).

MATERIALS AND METHODS
Bacterial strains and maintenance of cultures.

The virulent M42-43 strain of S. flexneri 2a and the
avirulent colonial variant 2457 0 were used. S. flexneri
2a M42-43, which was originally established from a
monkey passage ofstrain 2457 T, causes overt bacillary
dysentery when administered per os to humans (16)
or to rhesus monkeys (6). This strain also elicits a fatal
enteric infection when fed to starved guinea pigs and
induces keratoconjunctivitis when inoculated in the
conjunctival sac of the guinea pig eye (Sereney test).
Strain M42-43 also infects HeLa cells in vitro, a char-
acteristic shared by all virulent strains of Shigella
(19). The capacity to enter and multiply within epi-
thelial cells in vivo and in vitro is the cardinal attribute
of shigella virulence (15). The avirulent 2457 0 strain
is an opaque colonial variant of the virulent 2457 T
strain. This spontaneously arising mutant does not
elicit pathological changes in the intestine of orally
challenged guinea pigs or monkeys, does not produce
ulcerative lesions of the cornea, and does not infect
HeLa cells (15). The shigella strains used in the study
were kindly provided by S. Formal, Walter Reed Army
Institute of Research.

S. flexneri 2a M42-43 was routinely cultured in
Luria broth supplemented with 0.2% glucose and 5
mM CaCl2 (2, 26). To maintain virulence, bacteria
were deposited under the eyelid of Hartley strain
guinea pigs according to the procedure of Machel et
al. (17). After 24 h, a sample of the mucopurulent
discharge was plated on infusion agar (BBL) and in-
cubated at 370C. Green-gold, smooth, translucent (T)
colonial forms, seen under the microscope by oblique
transmitted light (1), were then reinoculated into Lu-
ria broth, and the cultures were incubated at 370C in
a reciprocal shaker for 4 to 6 h. Aliquots were frozen
and stored at -70'C until used. It was found that
prolonged storage of cultures at -700C resulted in a
loss of virulence as measured by infection of cultured
cells in vitro. Therefore, passage of bacteria in the
guinea pig eye was repeated at least once monthly to
maintain virulence. S. flexneri 2a 2457 0 was grown in
Luria broth, stored at -700C, and subcultured for
experiments utilizing the avirulent mutant.

Tissue culture methods and infection proce-
dure. The established Henle 407 human intestinal
epithelial cell line (ATCC strain CCL-6) (12) was
maintained in Eagle basal medium (GIBCO, Grand
Island, N.Y.) with 15% newborn calf serum (GIBCO),
50 U of penicillin G per ml, 100 pg of streptomycin per
ml, and 50 pg of amphotericin B per ml (Fungizone; E.
R. Squibb & Sons, Princeton, N.J.). Cells were grown
routinely in plastic tissue culture flasks in an atmos-
phere of 5% C02. Confluent stock cultures were tryp-
sinized and seeded at a concentration of approximately
2.0 x 105 cells per 35-mm plastic culture dish (Falcon
Plastics, Oxnard, Calif.), and the resulting noncon-
fluent monolayers were incubated for 18 h in 5% C02.
Approximately 3 h before exposure to shigellae, the
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culture medium with antibiotics was aspirated and
replaced with antibiotic-free medium. At the same
time a frozen vial of S. flexneri 2a was thawed, and 1.0
ml of the stock culture was inoculated into 50 ml of
Luria broth. This subculture was grown with aeration
for 3 h at 370C, washed in physiological saline, and
resuspended in Eagle minimal essential medium
(MEM) (Flow Laboratories, Rockville, Md.) at a con-
centration of approximately 1.0 X 108 colony-forming
units (CFU)/ml. The bacterial suspension was then
diluted 1:2 in MEM. Occasionally the diluting MEM
contained added antibiotics or specific shigella anti-
serum as described in individual experimental proto-
cols. A final bacterial concentration of approximately
5 x 107 CFU was used as the infecting inoculum. To
accomplish infection, the nonconfluent monolayers
were washed with 1.0 ml of MEM 18 h after seeding,
and 1.0 ml of the bacterial suspension was overlaid.
After incubation for 3 h at 370C in 5% C02, the
extracellular bacteria were aspirated, and the mono-
layers were washed four times with MEM. Rinsed
monolayers were fixed in methanol and stained with
Giemsa. Infection of Henle 407 cells by shigellae was
quantitated by light microscopy. In each 35-mm cul-
ture dish 500 host cells were examined, and cells
exhibiting one or more associated bacteria were re-
corded as infected. The percentage of cells infected in
individual culture dishes was calculated according to
the following formula: [cells infected/(infected cells
+ uninfected cells)] x 100 = percentage of cells in-
fected. Experiments were designed to allow averaging
of infection levels by using percentages calculated
from three or more infected culture dishes for each
datum point.

Preparation of antiserum. Eighteen-hour broth
cultures of S. flexneri 2a M42-43 were washed three
times in physiological saline, suspended in saline to a
concentration of 1.0 x 109 per ml, and sterilized by
heat at 1000C for 2 h. Female, white New Zealand
rabbits were vaccinated intravenously according to the
following protocol: 0.25 ml on day 1, 0.5 ml on day 8,
1.0 ml at weekly intervals for the next 7 weeks. Animals
were bled by cardiac puncture, and the immunoglob-
ulins were purified from pooled sera by ammonium
sulfate fractionation. After dialysis against distilled
water, the inununoglobulin preparation exhibited a
tube agglutination titer of 1:640 against either the
virulent M42-43 or the avirulent 2457 0 strain. A 1:32
or 1:64 dilution of the antishigella antibody prepara-
tion was used in the experiments.

Fluorescent-antibody tests. Immunofluorescent
techniques similar to those previously described by
Kihlstrom (13) were used to discriminate extracellular
from intracellular bacteria. After incubation with a
bacterial suspension for 3 h as described in the infec-
tion protocol, cell monolayers were washed four times
with MEM and incubated with a 1:32 dilution of rabbit
antishigella antibody for 20 min at 370C. Monolayers
were either fixed with methanol or processed without
fixation. After treatment with rabbit antibody, cells
were washed four times in MEM and incubated for 20
min at 370C with a 1:32 dilution of fluorescein isothi-
ocyanate-labeled goat anti-rabbit 7S immunoglobulin
(Miles Laboratories, Inc., Elkhart, Ind.). Cell cultures
were rinsed four times in MEM and mounted in glyc-
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erol under a glass cover slip. Specimens were examined
by epifluorescence microscopy, using a Zeiss photo-
microscope III with exciter filter II and a 530-nm
barrier filter. A total of 100 Henle cells in each of three
monolayers examined were randomly selected and or-
dered into five categories containing 0, 1 to 2, 3 to 5, 6
to 10, and greater than 10 fluorescent bacteria per host
cell, respectively. The percentage of total host cells
counted represented by each of the above categories
was then calculated.

Quantitative enumeration of shigellae. Infected
monolayers of Henle 407 cells were washed four times
with MEM and treated with 0.25% trypsin for 15 min
at 370C. A sample of the single cell suspension was
enumerated in a Speirs eosinophil counting chamber
(Clay Adams, Division of Becton, Dickinson & Co.,
Parsippany, N.J.); the remaining cells were chilled to
40C and disrupted in a model DF 101 Raytheon oscil-
lator (Raytheon Manufacturing Co., Waltham, Mass.)
for 60 s at a setting of 0.75 A. This procedure disrupted
Henle 407 cells without effect on the viability of shi-
gellae. Samples were removed from the homogenate
for quantitation of CFU on infusion agar. Bacteria
recovered from the homogenate were assumed to rep-
resent the sum of cell-adherent extracellular and in-
tracellular bacteria. To eliminate cell-adherent bacte-
ria, monolayers were incubated in 2 ml of Eagle basal
medium with 15% newborn calf serum and 16.5 jug of
kanamycin sulfate (Kantrex, Bristol Laboratories, Syr-
acuse, N.Y.) per ml for 6 or 24 h. Infection was evalu-
ated by two methods: (i) monolayers were trypsinized,
sonically disrupted, and plated to quantitate CFU as
described above, and (ii) cell cultures were fixed with
methanol and stained with Giemsa for microscopic
evaluation. In either case, evidence of bacterial sur-
vival or multiplication after incubation of the infected
cells with kanamycin was considered to be confirma-
tion of intracellular residence of shigellae.
Treatment of S. flexneri with UV radiation or

heat. Cultures of S. flexneri 2a M42-43 were grown
for 3 h in Luria broth and suspended in MEM at a
concentration of approximately 5.0 x 10' CFU/ml.
Two milliliters of the bacterial suspension was placed
in a 60-mm plastic tissue culture dish (Falcon Plastics)
forming a shallow fluid layer. The shigellae were ex-
posed to a UV light source (30-W General Electric
Germicidal Lamp) at a distance of 60 cm. The irradi-
ated bacteria were then added to Henle 407 mono-
layers and incubated in the dark for 3 h at 37°C in 5%
C02-

Heat inactivation of shigellae was accomplished as
follows. Several 5.0-ml samples of bacterial suspen-
sions in MEM containing 5.0 x 107 CFU/ml were
placed in a 50-ml flask and shaken in a 56°C water
bath for 1, 2, or 5 min, after which the bacterial
suspension was immediately cooled in an ice bath.
These were added to Henle 407 monolayers following
the standard infection procedure.

RESULTS
Infection of Henle 407 cells with S. flex-

neri 2a M42-43. Kinetics of infection of Henle
407 cell monolayers under the standardized con-
ditions of the in vitro assay are shown in Fig. 1.
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FIG. 1. Kinetics of Henle 407 cell infection by S.

flexneri 2a M42-43. Original inoculum was 1.2 x 10'
CFU. After 3 h of incubation in MEM, the number of
CFU recovered was 8.7 x 10'. The cell density of
Henle 407 monolayers was approximately 2 x 10'
cellsper 35-mm tissue culture dish. Values ofinfection
are based on three cell culture dishes per point.

After an apparent lag of approximately 30 min,
a linear increase in the number of host cells
infected was observed during a 3-h period. The
initial lag probably reflects the time required for
effective contact to be established between shi-
gellae and host cell monolayer as the bacteria
settle out of suspension. It is also possible that
a metabolic adjustment by the pathogen to al-
tered growth conditions is required before infec-
tion is initiated. The data in Fig. 1 are typical
for the 3-h infection assay utilized throughout
these studies. In this particular experiment, 33%
of the cells in the monolayers were infected with
shigellae during the 3-h period. Since under lab-
oratory conditions the virulence of S. flexneri 2a
cultures is unstable (22), it was necessary to
devise a system of internal experimental control.
To this end, several monolayers were inoculated
with the shigella culture to be used in individual
experiments. Less than 20% infection of host
cells reflected significant loss of virulence, and
in those instances where infection fell below this
value the experiments were discarded.

Intracellular residence of cell-associated
shigellae. The validity of data obtained with
the in vitro assay is dependent upon the as-
sumption that cell-associated bacteria viewed in
methanol-fixed, Giemsa-stained monolayers are
in fact intracellular and not merely adhering to
host cell surfaces. Therefore, two techniques
were used to distinguish surface-associated from
internalized bacteria: (i) indirect immunofluo-

VOL. 24, 1979



882 HALE AND BONVENTRE

rescence staining of unfixed and methanol-fixed
Henle 407 cells, and (ii) quantitative bacteriolog-
ical culture of disrupted host cells subsequent to
incubation with bactericidal concentrations of
kanamycin.
The indirect fluorescent-antibody test used to

differentiate intracellular and cell surface adher-
ent bacteria is based on the fact that immuno-
globulin proteins do not cross the intact plasma
membrane (30) but diffuse freely into methanol-
fixed cells (29). Figures 2 and 3 are composite
results of experiments utilizing immunofluores-
cence techniques (see Materials and Methods)
to evaluate shigella infection of cells in vitro.
When Henle 407 monolayers were exposed to a
suspension of avirulent S. flexneri 2a 2457 0 for
3 h, approximately 15% of unfixed host cells
exhibited cell-associated fluorescent bacteria
(Fig. 2A). However, no cell-associated avirulent
shigellae were observed in the methanol-fixed
preparations (Fig. 2B). Thus, by the criterion of
the test, all cell-associated avirulent shigellae
were scored as extracellular. Furthermore, it
should be noted that adherent shigellae were
totally removed by fixation in methanol. Figure
3A shows that when cell monolayers were ex-
posed to virulent S. flexneri 2a M42-43, 37% of
the unfixed cells exhibited some degree of asso-
ciation with bacteria. In contrast to avirulent
shigella, however, after methanol fixation a sig-
nificant proportion of host cells was found to be
heavily infected (Fig. 3B). Most shigellae asso-
ciated with methanol-fixed host cells were in
fact intracellular since heavily infected cells (6,g.,
cells with greater than five associated bacteria)
were not stained by the fluorescent dye in the
unfixed monolayers (Fig. 3A).
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FIG. 2. Association of avirulent S. flexneri 2a 2457
O with (A) unfixed and (B) methanol-fixed Henle 407
monolayers. Cell-associated bacteria were enumer-

ated by fluorescence microscopy. Data are grouped
according to numbers ofcell-associated bacteria, and
values are presented as the percentage of cells in
each group (mean standard error).
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FIG. 3. Association of virulent S. flexneri 2a M42-
43 with (A) unfixed and (B) methanol-fixed Henle 407
monolayers. Cell-associated bacteria were enumer-
ated by fluorescence microscopy. Data are grouped
according to the number of cell-associated bacteria,
and values are presented as the percentage of cells in
each group (mean ± standard error).

Data verifying the intracellular location of
virulent shigellae were also obtained by enumer-
ation of viable bacteria in disrupted Henle 407
cells after incubation with bactericidal levels of
kanamycin. Aminoglycoside antibiotics are rap-
idly bactericidal for Shigella species but, be-
cause they are not freely diffusible across hydro-
phobic plasma membranes of mammalian cells
(18), are relatively ineffective against intracel-
lular bacteria (23). Kanamycin is bactericidal for
S. flexneri 2a M42-43 at a concentration of 16.5
,ug/ml since a reduction in viability of more than
99.99% is achieved within 3 h (Table 2). There-
fore, kanamycin was used to eliminate adherent
shigellae in the experiment shown in Fig. 4. After
a 3-h exposure to either the virulent M42-43 or
the avirulent 2457 0 strain, approximately 1.0
x 10 CFU/35-mm culture dish were recovered
from disrupted cell monolayers. In the latter
instance, however, less than 0.01% of the aviru-
lent shigellae survived a subsequent 6-h expo-
sure to kanamycin, showing that the cell-asso-
ciated avirulent organisms recovered from the
washed cell monolayers were adherent to cell
surfaces. In contrast, the total number of re-
coverable virulent shigellae increased after 6 and
21 h of exposure to kanamycin. Therefore, it can
be concluded that the virulent shigellae were
protected from kanamycin in the extracellular
medium and that these bacteria survived and
multiplied within the cytoplasm of the cell.
These conclusions were substantiated further by
the microscopic evaluation of stained methanol-
fixed monolayers (Fig. 4). Approximately 8.0 x
104 cells per Henle 407 culture dish were infected
with virulent shigellae, whereas cells exposed to
the avirulent strain exhibited no cell-associated
bacteria.

INFECT. IMMUN.
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FIG. 4. Comparison of infection of HenlE
virulent and avirulent strains of S. flexneri
amycin (KM) (16.5 pg/ml) was added 3 h aft
exposure ofHenle 407 cell monolayers to tMe
M42-43 (0) and the avirulent 2457 0 ([
Infection was evaluated as either cell-a,
CFU per 35-mm culture dish or number of
cells counted in methanol-fixed, Giemse
monolayers. The total number of cells inu
culture dishes incubated with strain M42-4
strain 2457 0 (U) are values extrapolated
randomly selected cells.

ically active, nondividing shigellae retained vir-
ulence as evidenced by the high levels of infec-
tion observed microscopically.
Heating shigellae at 560C for 2 min resulted

in a 3-log,(-unit reduction in viability. A minimal

1P infection of Henle 407 cells exposed to heated
; shigellae occurred. This indicates that loss of
, viability induced by mild heat treatment also

o4 i resulted in loss of infectivity. Thus, these data
show that infectivity is linked to metabolic ac-

tivity of shigella. Infectivity may also be linked
o3 S Q to heat-sensitive surface proteins modified by

heating at 560C.
W_ ' Infectivity of kanamycin-treated S. flex-
W : nerd Experiments were conducted to ascertain
k if exposure of bacteria to kanamycin modifies
8 infectivity. Virulent S. flexneri 2a M42-43 were

KY suspended in MEM containing graded concen-

trations of kanamycin and applied to Henle 407
100

monolayers. Table 2 illustrates the effect of kan-
amycin on viability and infectivity of virulent
shigellae. The association of metabolic function
with infectivity shown in the previous experi-

ecells by

er initial TABLE 1. Infectivity of S. flexneri 2a M42-43 after
,,,,,#,,, UV irradiation or mild heat treatmente virulent

1) strain.
associated
F infected
a-stained
fected in
43 (0) or
from 500

UV irradiation and heat inactivation of
Shigella. Table 1 summarizes experiments eval-
uating infectivity of shigellae pretreated with
UV radiation or mild heat. Data showing the
relationship of inoculum size (CFU) to percent-
age of host cells infected in control experiments
are included for reference. Exposure of shigellae
to UV radiation for 10, 20, or 30 s depressed
infectivity. When organisms irradiated for 10 s

are compared with normal bacteria, it is appar-
ent that the percentage of cells infected by irra-
diated bacteria was greater than would be antic-
ipated from comparable untreated inocula meas-
ured in terms of CFU (e.g., 2.6 x 105 at 3 h).
Microscopic examination of monolayers infected
with irradiated shigellae revealed that bacteria
infecting the Henle 407 cells were filamentous
forms. By viable plate count these filamentous
organisms would be considered nonviable since
they are incapable of septation and thus unable
to form colonies on solid medium. However,
bacterial growth and macromolecular synthesis
may continue in irradiated organisms (11). We
conclude that a large fraction of these metabol-

Inoculum CF t3h InfectionTreatment (CFU) ().h necio

None (con- 5.6 x 107 1.1 X 109 53.9 ± 0.8
trot) 5.6 x 105 3.3 x 107 4.0 ± 0.3

5.6 x 103 2.6 x 105 0.1 ± 0.1
5.6 x 10' 1.5 x 103 0.0 ± 0.0

UV radiation
0 s 5.6 x 107
10 S 2.7 x 105 1.0 x 105 15.2 ± 2.5
20s 7.0 x 103 1.0 x 103 1.8 ± 0.6
30 s 1.0 x lo' 9.0 x lo' 1.6 ± 0.2

Heat (560C)
0 min 5.6 x 107
2min 5.0 x 104 2.7 x 106 0.1 ± 0.1
5 min 1.5 x 103 8.0 x 103 0.1 ± 0.1
10 min 3.2 x 102 2.6 x 103 0.0 ± 0.0

aCFU applied to each Henle 407 monolayer.
b Percentage of Henle 407 cells infected after 3 h.

Mean values of infected cells in each group ± standard
error.

TABLE 2. Effect of kanamycin on viability and
infectivity of S. flexneri 2a M42-43

Kanamycin Inoculum CFU at 3 h Infection
(,ug/m.l) (CFU)" at1
0 4.9 x 107 1.9 x 109 30.3 ± 0.8
1.65 4.9 x 107 2.1 x 108 8.3 ± 0.1

16.5 4.9 x 107 1.1 X 103 0.3 ± 0.1
165.0 4.9 x 107 1.0 x 1o0 0.2 ± 0.2

a CFU applied to each Henle 407 monolayer. Anti-
biotic present during the 3-h infection period.
'Mean values of infected cells in each group ±

standard error.
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ment (Table 1) is reinforced by the observation
that bactericidal levels of kanamycin quickly
ablate the infectivity of S. flexneri.
Consequence of antishigella antibody on

infectivity. Cultures of virulent shigella were
suspended in MEM containing rabbit antibody
specific for heat-stable bacterial antigens. The
bacterial suspensions were applied to mono-
layers of Henle 407 cells -as in the standard
infection assay. Viable plate counts of disrupted
monolayers were performed after the 3-h infec-
tion period and also after the cell monolayers
had been exposed to kanamycin for 6 to 21 h.
Cell monolayers infected with virulent shigella
not treated with specific antiserum were in-
cluded in this experiment to establish control
infection levels. Figure 5 shows that antibody
slightly enhanced rather than diminished the
infection of epithelial cells by virulent S. flexneri
2a M42-43. Furthermore, antibody did not affect
subsequent intracellular multiplication of shi-
gellae. Although antiserum prepared against the
M42-43 strain of S. flexneri 2a is cross-reactive
with the avirulent 2457 0 mutant (15), the data
show also that specific antishigella immunoglob-
ulin G had no positive effect on the infectivity of
the avirulent strain. With or without antibody,
strain 2457 0 is completely noninfectious in the
Henle 407 cell assay. The fact that antibody has
no negative effect on the infectivity of S. flexneri
2a was also verified by microscopic evaluation of
infection. In the presence or absence of antibody,
approximately 1.0 x 10' Henle 407 cells per
culture dish were infected by strain M42-43. In
contrast, infected cells were never observed in
Giemsa-stained preparations exposed to the
avirulent 2457 0 strain.

DISCUSSION
Entry of bacteria into the cells of the intestinal

mucosa is the key event in the pathogenesis of
shigellosis. The capacity to invade intestinal ep-
ithelium has become the hallmark of virulent
shigellae since this characteristic is an absolute
requirement for induction of clinical disease (15).
Therefore, ascertaining the mechanism by which
Shigella spp. gain entry into host cells is of
pivotal importance and provided the rationale
for initiating these studies.

Tissue cultures as host cells for study of shi-
gella infection have been used with success by
Gerber and Watkins (9), LaBrec et al. (15) and
Ogawa et al. (20). The present study exploits an
infection assay designed to allow an analysis of
some important features of epithelial cell infec-
tion by S. flexneri 2a. Attempts were made to
define the role of the bacterium in the initiation
of infection. An accompanying report (10) as-
sesses the role of the mammalian host cell in the

8Qa o 9 24 4
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FIG. 5. Effect of specific antishigella immunoglob-

ulin G (IgG) on infection of Henle 407 cells. Kana-
mycin (KM), at a concentration of 16.5 ,ug/ml, was
added to the monolayers after 3 h of incubation with
virulent (M42-43) shigellae. Data are expressed as
cell-associated CFUper 35-mm culture dish in mono-
layers exposed to shigellae and antishigella IgG (A)
or to shigellae alone (0). The number of infected cells
per culture dish was determined microscopically in
methanol-fixed, Giemsa-stained monolayers infected
with shigellae exposed to IgG (A) or in the absence of
IgG (0). Avirulent S. flexneri 2a 2457 0 were incu-
bated with Henle 407 cells with or without rabbit IgG
raised against the parent M42-43 strain. Infected
cells per culture dish exposed to S. flexneri 2a 2457
0, in the presence of IgG (U), were enumerated mi-
croscopically, and cell-associated CFU (E) were
quantitated before and after addition ofKM to elim-
inate extracellular organisms. Avirulent organisms
remained noninfectious in the presence of specific
shigella antibody.

infection process. The Henle 407 human intes-
tinal epithelial cell line was used as the surrogate
host cell, and a protocol allowing quantitative
measurement of infection by S. flexneri 2a was
developed. The assay was validated by confirm-
ing the intracellular location of cell-associated
shigellae, utilizing immunofluorescence and
quantitative bacteriological techniques. To de-
fine the contribution of the microbe in this host-
parasite relationship, experiments were designed
in which S. flexneri 2a was modified by physical
or chemical means and subsequently tested for
infectivity of Henle 407 cells.

It must be assumed that close apposition be-
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tween microbe and mammalian cell surfaces is
required before infection occurs. Thus, for many
years, serious consideration was given to attach-
ment organelles and chemical composition of
cell walls as potential determinants of shigella
virulence (8). To date no organelles of attach-
ment have been identified; although some
strains of shigella possess pili (3), these are not
essential since nonpiliated strains of shigella and
Escherichia coli may invade epithelial cells (21).
Gemski et al. (8) have constructed intergeneric
hybrids of S. flexneri expressing E. coli somatic
antigens. Some smooth S. flexneri hybrids which
had acquired E. coli factor 25 were found to be
virulent, whereas hybrids expressing E. coli 0-8
antigen were uniformly avirulent. These obser-
vations suggest that the chemical composition
and structure of the 0 side chain may represent
a factor necessary for bacterial invasion of epi-
thelial cells. However, these workers also iso-
lated three smooth avirulent hybrids expressing
the E. coli 0-25 antigenic specificity, and thus it
is apparent that the antigenic configuration of
the bacterial surface is not exclusively responsi-
ble for infectivity. In addition, qualitative anti-
genic differences between the virulent 2457 T
and the avirulent 2457 0 strains of S. flexneri 2a
have not been detected (15). Our observations
using different methodology also fail to incrimi-
nate the heat-stable antigenic mosaic of the bac-
terial surface in the phenotypic expression of
virulence. When heated to 56°C for short periods
of time, S. flexneri 2a M42-43 loses virtually all
infectivity for Henle 407 cell monolayers. How-
ever, since virulence is undoubtedly multifacto-
rial, a specific somatic antigen complex might be
one of several attributes necessary for host cell
invasion. Experiments with rabbit antiserum
generated with heat-killed vaccine suggest that
exposure of specific 0-antigen side chains or
other regions of bacterial lipopolysaccharide is
not required for initiation of infection in vitro.
Virulent shigellae were pretreated with antise-
rum and allowed to infect Henle cell monolayers.
When infected monolayers were subsequently
fixed with methanol and incubated with fluores-
cein-conjugated anti-rabbit 7S globulin, uniform
fluorescence was seen around the entire perim-
eter of intracellular organisms (data not shown).
This qualitative observation, in addition to the
quantitative data presented in Fig. 5, shows that
immunoglobulin directed against heat-stable
surface antigens does not ablate shigella infec-
tion. Indeed, infection of host cell monolayers
was slightly enhanced by the presence of anti-
serum. A report by Ogawa et al. (20) is consistent
with these observations since these authors also
showed that hyperimmune guinea pig serum
failed to reduce infection of HeLa cells by S.

flexneri 2a.
The high infectivity of antibody-coated shi-

gellae in vitro probably reflects agglutination of
the bacterial inoculum promoting efficient con-
tact between bacteria and host cells in the grav-
ity-dependent infection model used. It should be
noted, however, that the static conditions char-
acterizing this in vitro system do not obtain in
vivo. Thus, agglutination of shigellae in the lu-
men of the bowel by secretary immunoglobulin
A would undoubtedly provide protection. In ad-
dition, unlike serum immunoglobulin G, secre-
tory immunoglobulin A may also have an inhib-
itory effect upon the process ofhost cell infection
per se. This possibility is now being investigated.
The data show also that partial integrity of

metabolic function is necessary for infectivity.
Primary effects of UV radiation on bacteria are
confined chiefly to nucleic acids. Brief exposure
to UV light (i.e., 10 s) reduced infectivity of S.
flexneri markedly but did not abolish it com-
pletely. This suggests that heat-sensitive surface
antigens are not exclusively responsible for in-
fectivity since these would be preserved after
brief exposure to UV. It was observed that UV-
treated bacteria retaining ability to invade Henle
407 epithelial cells were filamentous. UV dam-
age of bacterial deoxyribonucleic acids fre-
quently results in loss of the function regulating
septation (28), but the organisms retain syn-
thetic integrity as evidenced by continued
growth in the absence of cell division. Extensive
UV damage as a result of longer exposures (20
s or more) apparently compromises critical syn-
thetic and regulatory functions required for in-
fectivity. The fact that kanamycin quickly
aborts the capacity of S. flexneri to enter epi-
thelial cells also suggests that loss of infectivity
reflects loss of metabolic functions rather than
modification of surface structural components.
It is interesting to note in this context that UV
and short-term gentamicin treatments abolish
infectivity ofSalmonella typhimurium for HeLa
cells (14; P. Kaplan, C. E. Benson, and J. S.
Gots, Abstr. Annu. Meet. Am. Soc. Microbiol.
1978, B41, p. 20).
We conclude from these data that virulent

shigellae must participate in the infection proc-
ess in an active fashion, perhaps analogous to
rickettsial infection of cultured mouse fibro-
blasts (31). It should be noted that although
bacterial surface properties are not exclusively
responsible for infectivity, our data may reflect
interrelated virulence factors involving both
heat-labile surface components and ongoing
metabolic processes. Data presented here and in
the following communication (10) suggest that
infection of Henle 407 cell monolayers by S.
flexneri 2a involves induced phagocytosis linked
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to the metabolic activity of virulent shigellae. It
appears that shigellae in close apposition to the
host cell membrane provide a stimulus initiating
membrane activity and subsequent phagocytosis
of bacteria.

ACKNOWLEDGMENTS
This work was supported in part by a pilot grant awarded

by the University Research Council of the University of
Cincinnati.

LITERATURE CITED

1. Cooper, M. D., H. M. Keller, and E. W. Walters. 1957.
Microscopic characteristics of colonies of Shigella flex-
neri 2a and 2b and their relationship to antigenic com-
position, mouse virulence, and immunogenicity. J. Im-
munol. 78:160-171.

2. Corwin, L. M., S. W. Rothman, R. Kim, and L A.
Talevi. 1971. Mechanisms and genetics of resistance to
sodium lauryl sulfate in strains of Shigella and Esche-
richia coli. Infect. Immun. 4:287-294.

3. Duguid, J. P., and R. R. Gillies. 1957. Fimbriae and
adhesive properties in dysentery bacilli. J. Pathol. Bac-
teriol. 74:397-411.

4. Edwards, P. F., and W. H. Ewing. 1972. The genus
Shigella, p. 108-142. In Identification of Enterobacte-
riaceae. Burgess, Minneapolis.

5. Formal, S. B., G. J. Dammin, E. H. LaBrec, and H.
Schneider. 1958. Experimental Shigella infections
characteristic of a fatal infection produced in guinea
pigs. J. Bacteriol. 75:604-610.

6, Formal, S. B., T. H. Kent, S. Austin, and E. H. LaBrec.
1966. Fluorescent-antibody and histological studies of
vaccinated control monkeys challenged with Shigella
flexneri. J. Bacteriol. 91:2368-2376.

7. Formal, S. B., E. H. LaBrec, T. H. Kent, and S.
Falkow. 1965. Abortive intestinal infection with an
Escherichia coli-Shigella flexneri hybrid strain. J. Bac-
teriol. 89:1374-1382.

8. Gemski, P., Jr., D. G. Sheaham, 0. Washington, and
S. B. Formal. 1972. Virulence of Shigella flexneri
hybrids expressing Escherichia coli somatic antigens.
Infect. Immun. 6:104-111.

9. Gerber, D. F., and H. M. S. Watkins. 1961. Growth of
shigellae in monolayer tissue cultures. J. Bacteriol. 82:
815-822.

10. Hale, T. L, R. E. Morris, and P. F. Bonventre. 1979.
Shigella infection of Henle epithelial cells: role of the
host cell. Infect. Immun. 24:887-894.

11. Hanawalt, P., and R. Setlow. 1960. Effect of monochro-
matic ultraviolet light on macromolecular synthesis in
Escherichia coli. Biochim. Biophys. Acta 41:283-294.

12. Henle, G., and F. Deinhardt. 1957. The establishment
of strains of human cells in tissue culture. J. Immunol.
79:54-59.

13. Kihlstrom, E. 1977. Infection of HeLa cells with Salmo-
nella typhimurium 395 MS and MR10 bacteria. Infect.
Immun. 17:290-295.

14. Kihlstrom, E., and L. Edebo. 1976. Association of viable
and inactivated Salmonella typhimurium 395 MS and

MR1O with HeLa cells. Infect. Immun. 14:851-857.
15. LaBrec, E. H., H. Schneider, T. J. Magnani, and S. B.

Formal. 1964. Epithelial cell penetration as an essential
step in the pathogenesis of bacillary dysentery. J. Bac-
teriol. 88:1503-1518.

16. Levine, M. M., W. E. Woodward, S. B. Formal, P.
Gemski, Jr., H. L. DuPont, R. B. Hornick, and M.
J. Snyder. 1977. Studies with a new generation of oral
attenuated shigella vaccine: Escherichia coli bearing
surface antigens ofShigella flexneri. J. Infect. Dis. 136:
577-582.

17. Machel, D. C., L. R. Langley, and L. A. Venice. 1961.
Use of the guinea pig conjunctivae as an experimental
model for the study of virulence of Shigella organisms.
Am. J. Hyg. 73:219-223.

18. Mandell, G. L 1973. Interaction of intraleukocytic bac-
teria and antibiotics. J. Clin. Invest. 52:1673-1679.

19. Nakamura, A. 1967. Virulence of shigella isolated from
healthy carriers. Jpn. J. Med. Sci. Biol. 20:213-223.

20. Ogawa, H., A. Nakamura, R. Nakaya, K. Mise, S.
Honjo, M. Takasaka, T. Fijuwara, and K. Imai-
zumi. 1967. Virulence and epithelial cell invasiveness
of dysentery bacilli. Jpn. J. Med. Sci. Biol. 20:315-328.

21. O'Hanley, P. D., and R. Cantey. 1978. Surface struc-
tures of Escherichia coli that produce diarrhea by a
variety of enteropathic mechanisms. Infect. Immun. 21:
874-878.

22. Okamura, N., and R. Nakaya. 1977. Rough mutant of
Shigella flexneri 2a that penetrates tissue culture cells
but does not evoke keratoconjunctivitis in guinea pigs.
Infect. Immun. 17:4-8.

23. Osada, Y., M. Nakajo, T. Une, H. Ogawa, and Y.
Oshina. 1972. Application of cell culture in studying
antibacterial activity of rifampicin to Shigella and en-
teropathogenic Escherichia coli. Jpn. J. Microbiol. 16:
525-533.

24. Osada, Y., and H. Ogawa. 1977. Phagocytosis stimula-
tion by an extracellular product of virulent Shigella
flexneri 2a. Microbiol. Immunol. 21:49-55.

25. Osada, Y., and H. Ogawa. 1977. A possible role of
glycolipids in epithelial cell penetration by virulent
Shigella flexneri 2a. Microbiol. Immunol. 21:405-410.

26. Osada, Y., T. Une, T. Ikeuchi, and H. Ogawa. 1974.
Effect of calcium on the cell infectivity of virulent
Shigella flexneri 2a. Jpn. J. Microbiol. 18:321-326.

27. Osada, Y., T. Une, T. Ikeuchi, and H. Ogawa. 1975.
Divalent cation stimulation of the cell infectivity of
Shigella flexneri 2a. Jpn. J. Microbiol. 19:163-166.

28. Rorsch, A., A. Edelman, C. VanDer Kamp, and J. A.
Cohen. 1962. Phenotypic and genotypic characteriza-
tion of radiation sensitivity in Escherichia coli B.
Biochim. Biophys. Acta 61:278-289.

29. Shramek, G., and L. Falk, Jr. 1973. Diagnosis of virus-
infected cultures with fluorescein-labeled antiserum, p.
532-535. In P. F. Kruse, Jr., and M. K. Patterson, Jr.
(ed.), Tissue culture methods and applications. Aca-
demic Press Inc., New York.

30. Thomas, D. W., J. C. Hill, and F. J. Tyeryar, Jr. 1973.
Interaction of gonococci with phagocytic leukocytes
from men and mice. Infect. Immun. 8:98-104.

31. Walker, T. S., and H. H. Winkler. 1978. Penetration of
cultured mouse fibroblasts (L cells) by Ricksettsia
prowazeki. Infect. Immun. 22:200-208.

INFECT. IMMUN.


