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ABSTRACT

GERBER, Dorores F. (University of Cali-
fornia, Berkeley) ano H. M. S. WaTKINs.
Growth of shigellae in monolayer tissue cultures.
J. Bacteriol. 82:815-822. 1961.—The influence of
environment on virulence, antigenicity, and
antibiotic susceptibility of infectious agents is
well recognized. The development of tissue
culture monolayer techniques has stimulated
new interest in manifestations of these attributes
at the cellular level.

Shigella flexnert and S. somnet were grown
intracellularly in Henle epithelial cell monolayer
tissue cultures; uptake of the bacteria was
induced by 509% normal horse serum in the
infection medium. Since preliminary experiments
indicated that streptomycin in the extracellular
fluid depressed intracellular multiplication of
these organisms, the antibiotic was later omitted
from the tissue culture growth fluid. Extra-
cellular multiplication of shigellae was controlled
by thorough washing of the infected monolayers
and replacement with fresh medium at 2-hr
intervals during incubation.

Intracellular growth patterns of two S. flexners
and two 8. sonner strains were established.
Differences in the capacity of strains to adapt
to the intracellular environment was reflected
in the number of organisms subsequently pro-
duced, and appeared to be associated with the
degree of intracellular resistance to streptomyein.
No such variation was seen in cultures grown in
broth.

Microscopic examination of stained mono-
layers showed that intracellular bacterial growth
was confined to the cytoplasm, which became
filled with organisms prior to cellular disintegra-
tion.

Biological implications of the variable response
of Shigella strains to the intracellular environ-
ment are discussed.

—_———

Infectious agents grown in vivo or in tissue
cell systems frequently differ from the same
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organisms grown in lifeless culture media, in
respect to virulence, antigenicity, and suscepti-
bility to antibiotics (McDermott, 1958, 1959;
Smith, 1958; Smadel, 1960). As early as 1916,
Smyth, noting that the usual culture media
afforded conditions for growth of bacteria quite
unlike those available in the living animal host,
investigated the growth characteristics of avian
tubercle bacilli in chick embryo tissue explants.
He suggested the possibility of using infected
tissue cultures to differentiate pathogenic and
nonpathogenic organisms. Smyth’s (1916) studies,
and subsequent work by others with tissue
explants infected with mycobacteria, have been
summarized by Fell and Brieger (1947). The
usefulness of tissue explants in the exploration of
host-parasite relationships on the cellular level
is limited by the presence in explants of an
unstable variety of cells subjected to undefined
and uncontrolled metabolic interactions and
possessed of varied capacities for reaction with a
given infectious agent.

The development of techniques for the propa-
gation of viruses in tissue culture monolayers
(Dulbecco and Vogt, 1954) comprised of indi-
vidual cell types stimulated fresh inquiries
concerning cellular infection with bacteria.
Shepard (1955, 1957a,b, 1959) has employed
HeLa cell monolayers in studying the intra-
cellular growth characteristics of virulent and
avirulent mycobacteria and has surveyed the
efficacy of sera from several animal species in
selectively inducing cell penetration by a number
of other bacterial pathogens. Braude and
Siemienski (1960) utilized intracellular infections
of monkey kidney epithelial cell cultures by
Proteus and Escherichia in elucidating the role
of bacterial unrease in the pathogenesis of
experimental pyelonephritis. Finally, Merriott,
Shoemaker, and Downs (1961) have explored
the growth characteristics of strains of Pasteurella
tularensts of varying degrees of virulence grown
intracellularly in several tissue culture cell lines.

This report describes a method developed for
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the intracellular cultivation of Shigella flexners
and S. sonner in Henle 407 human intestinal
epithelial cell monolayers and presents evidence
of a differential capacity in Shigella strains for
growth and for resistance to streptomycin during
intracellular residence.

MATERIALS AND METHODS

Growth and maintenance of Shigella strains.
Four Shigella strains were extensively used:
Flexner strain B;F, received from S. B. Formal,
Army Medical Research Institute, as strain
43-G-100; Flexner strain B4, M, isolated from an
acutely ill monkey at the Naval Biological
Laboratory (NBL); Sonnc strain D{(DG),
isolated from an accidentally infected worker at
NBL; and Sonne strain D347, received from
A. S. Brown, California State Department of
Public Health as strain Ewing 1196.

Strains were maintained at 4 C in the lyo-
philized state, or for periods up to 3 months as
stab cultures in beef heart infusion (BHI)
semisolid agar. Colonies were inspected periodi-
cally for characteristic morphology, both by
reflected and transmitted light (Cooper, Keller,
and Walters, 1957), and were tested for serologi-
cal specificity with group- and type-specific
antisera and for antigenic smoothness by stability
in 1:500 acriflavine solution (Pampana, 1933).

BHI broth shake cultures grown at 37 C for
24 hr were routinely employed to seed tissue
cultures. The numbers of viable bacteria in
broth cultures and in suspensions of disrupted
infected tissue cells were determined from BHI
agar plates inoculated with 0.1 ml of decimal
dilutions in 1% peptone-water, after overnight
incubation at 37 C.

Tissue monolayers. The Henle 407 intestinal
epithelial cell line was maintained in continuous
serial passage by the method outlined by Henle
and Deinhardt (1957); Eagle’s Basal Medium
plus 109, pooled normal human serum, contain-
ing streptomycin (10 ug per ml) and penicillin
(10 units per ml), was changed every 48 hr on
monolayers grown in rubber-stoppered 3-0z
prescription bottles. For passage, 6- to 7-day-old
monolayers were drained of nutrient and covered
with 5 ml of 0.19, trypsin Difeo Laboratories
(Detroit, Mich.) solution diluted (1:250) with
the phosphate buffered saline (PBS) of Dulbecco
and Vogt (1954). The tissues were incubated at
37 C for 20 to 30 min with intermittent shaking
after the monolayers loosened from the glass.
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Separated cells were further dispersed by gentle
mixing with a pipette, and were then sedimented
by centrifugation at 1000 rev/min for 5 min.
For each experiment, 10-ml aliquots from a
single suspension of cells pooled from 10 bottles
were dispensed into each of 100 new bottles.
Under these conditions, uniform monolayers
incubated at 37 C were obtained in 6 to 7 days.

For microscopic examination of monolayers,
cells were grown on coverslips in Leighton tubes
(Microbiological — Associates, Inc., Bethesda,
Md.). The infected tissue preparations were
washed three times in PBS, fixed in 109, neutral
formalin in distilled water, and stained by the
modified Giemsa method described by Kisler
and Bevis (1953). Tissues stained by this method
could be held for several months without fading.

Intracellular infection of cells. Initially, intra-
cellular infection was induced by the method
described by Shepard (1955, 1959): Washed
(five times with PBS) monolayers were incubated
at 37 C with an infection medium containing a
known concentration of Shigella organisms. The
infection medium consisted of normal inactivated
(56 C, 2 hr) horse serum which had been diluted
to 409, in PBS and shown to be free of inhibitory
activity or of agglutinins for shigellac. After
2.5 hr, the tissues were washed three times with
PBS; 10 ml of Eagle’s medium plus 109 human
serum, containing streptomycin (10 pg per ml)
to suppress extracellular multiplication of
bacteria, were added and incubation was con-
tinued. After preliminary experiments indicated
that the presence of streptomycin in the extra-
cellular fluid diminished intracellular multiplica-
tion of shigellae, streptomycin was omitted from
the nutrient fluid. Extracellular multiplication
was controlled by washing the infected mono-
layers three times with PBS and replacing the
medium at 2-hr intervals during the course of
incubation.

RESULTS

Reproducibility of viable intracellular organism
determinations. The organisms were released
from washed (five times with PBS) infected
monolayers by trecatment with 2 ml of 0.259,
trypsin in PBS for 3 min at 37 C, followed by
vigorous shaking by hand for 15 to 20 sec;
incubation and shaking was repeated. Micro-
scopic examination of such preparations showed
no intact cells. Determinations of viable or-
ganisms were made on disrupted cell suspensions
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from duplicate monolayers as well as on the
last monolayer wash fluids, to assure that
extracellular organisms did not interfere with
determinations of intracellular organisms. Table
1 shows results of two typical experiments each
with 8. flexnert strains B;F and BgM. The
disruption procedure resulted in satisfactory
replication of bacterial counts from duplicate
tissue preparations. Henceforth, the number of
intracellular viable organisms are reported as
the average of single counts obtained from
duplicate tissue preparations.

Effect of streptomycin on tintracellular multi-
plication of Shigella. To compare growth curves
of intracellular organisms when various concen-
trations of streptomycin were present in the
extracellular fluid, monolayers were infected by
incubating them at 37 C with 6 ml of an infection
medium containing approximately 3 X 107
organisms per ml of strain B;F. After 2.5 hr
incubation, the infection medium was replaced
by nutrient fluid containing streptomyecin. Low
concentrations of the drug in the nutrient fluid,
while effective in suppressing multiplication of
extracellular organisms, also inhibited intra-
cellular multiplication; in the absence of strepto-
myecin, intracellular multiplication increased by
approximately 2 log within 6 hr of incubation
(Fig. 1).

TABLE 1. Intracellular viable organisms from
two Shigella strains grown in Henle cell
monolayer tissue cultures

Strain BsF Strain B4pM
Time
Expt. 1 Expt. 2 Expt. 1 Expt. 2
hr
2.5 |1.9 X 10°*|2.8 X 10%2.8 X 107|5.8 X 10
3.5 X 10% 1.5 X 10%2.5 X 1073.0 X 10¢
3.5 (1.9 X 10% 9.3 X 10%9.8 X 10%9.0 X 10°¢
5.8 X 10% 2.8 X 1049.5 X 10%7.0 X 10¢
5.0 (8.3 X 10° 3.3 X 107
6.5 X 10° 3.0 X 107
6.5 (3.8 X 10% 2.7 X 10%9.3 X 107/6.7 X 107
1.9 X 106 2.9 X 10%1.0 X 1085.3 X 107
9.0 (1.0 X 107 {1.3 X 10%1.5 X 1081.4 X 108
2.0 X 107 |1.8 X 10%2.5 X 1081.5 X 108

* Organisms per ml of disrupted tissue cell

suspension.
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F1G. 1. Effect of streptomycin upon intracellular
multiplication of Shigella flexneri strain B;F in
Henle cell monolayer tissue cultures.

Control of extracellular Shigella multiplication.
Since shigellae grew freely in the streptomycin-
free nutrient fluid utilized for Henle cell cul-
tures, some method to differentiate intracellular
and extracellular organisms was required for a
study of the characteristics of the intracellular
organisms. An alternative method to the use of
an antibiotic in the nutrient fluid appeared to be
frequent changes of nutrient fluid after thorough
washing of the monolayers. Table 2 shows that
the washing procedure consistently reduced the
number of extracellular organisms to levels 2 to
3 log below corresponding concentrations of
intracellular organisms. Accordingly, this means
of removing extracellular organisms was
employed during the determination of intra-
cellular growth curves.

Intracellular growth curves of Shigella strains.
The intracellular growth patterns of four Shigella
strains were established by the methods described
above. Two of the strains, S. flexnert strain
BwM and S. sonnei strain Dy(DG), were recent
isolates from clinical dysentery; the other two,
S. flexnert B3F and S. sonner D347, were
laboratory strains of long standing. For com-
parative purposes, growth curves were also
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determined for organisms multiplying in static
BHI broth cultures (Fig. 2). During the initial
period of intracellular residence, there was a
decrease that varied with the strain in the
number of viable organisms; thereafter, multi-
plication took place at a rate which was

TABLE 2. Extracellular and intracellular
organisms in monolayer tissue
cultures

Organisms per ml*

Time ‘

. Extracellular \ Last wash fluid Intracellular
hr
2.5 4.7 X 107 4.0 X 10% 1.0 X 107
3.5 2.5 X 10° 1.9 X 10¢ 4.0 X 10¢
5 3.7 X 10° 5.9 X 104 1.3 X 107
6.5 1.7 X 107 6.4 X 10° 4.0 X 107
9 1.3 X 108 1.8 X 10°¢ 2.5 X 108

* Average of duplicate bottle determinations.
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FI1G. 2. Growth of Shigella flexneri and S. sonnei
in Henle cell monolayer tissue cultures containing
antibiotic-free nutrient fluid, and in beef heart
infuston broth.
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FIG. 3. Effect of streptomycin upon intracellular
multiplication of Shigella flexneri and S. sonnet in
Henle cell monolayer tissue cultures.
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Fi1G. 4. Effect of streptomycin upon multiplication
of Shigella flexneri and S. sonnei in beef heart
wnfusion broth.



1961]

essentially constant for all strains, but then
resulted in a considerable difference in the peak
yields reached after 9 to 12 hr of postinfection
incubation. Growth in broth, however, showed
no such strain differentiation. All four strains
under these conditions gave the same curve.
Microscopic examination of stained prepara-
tions of coverslip tissue cultures, which had been
made simultaneously with the above bottle
cultures used for the growth curve determina-
tions, showed gross cellular deterioration at 12
hr incubation in tissues infected with the two
high-yield strains Bs»,M and D{(DG); no cyto-
pathogenicity was evident in tissues infected
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with the two low-yield strains after 15 hr incuba-
tion.

Sensttivity of Shigella strains to streptomycin.
Similar determinations were made on the growth
of these four Shigella strains in tissue cells and
in BHI broth, in the presence of 10 ug of strepto-
mycin per ml of medium. Figure 3 shows that
the two high-yield strains while growing intra-
cellularly were markedly less susceptible to
streptomycin than were the two low-yield
strains, the former showing peak yields approxi-
mately 3 to 4 log higher at 6 to 9 hr of incubation.
In broth, no substantial differences were seen in
the susceptibility to streptomycin of three of

at 900 X magnification; A, enlarged 2 X.

FI1G. 5. Henle epithelial cells infected with Shigella flexneri (A, B, C) and S. sonnetr (D). Photograph
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the strains (Fig. 4); the fourth strain, D{(DG),
had apparently become streptomyecin resistant
after a 3-hr lag period.

Microscopic appearance of infected Henle cells.
Stained coverslip tissue preparations were
examined at intervals during the intracellular
growth cycle of the four Shigella strains studied.
Cells representative of several stages of infection
are illustrated in Fig. 5.

In tissues infected with the two low-yield
strains, only an occasional intracellular organism
could be found at any stage. In tissues infected
with the two high-yield strains, however, in-
fected cells were plentiful after 3.5 hr incubation.
After 6 hr, larger numbers of bacteria were seen
in infected cells. Cellular disintegration became
widespread at 12 to 15 hr, and cells containing
all degrees of bacterial multiplication were
visible.

Figure 5A shows a cell in an early stage of
infection in which active division of the elongated
bacteria scattered throughout the cytoplasm is
taking place. Figure 5B shows a cell, at a later
stage of infection, filled with organisms, with
beginning cytoplasmic disintegration and pye-
nosis and hyperchromatosis of the nucleus.
Figure 5C contains a cell whose cytoplasm is so
densely packed with organisms that the nucleus
appears to be displaced and indented. These
tissues were all infected with the Flexner strain
B4yM. In Fig. 5D, an essentially similar picture
is seen of a cell infected with the Sonne strain
D(DG).

All four photographs in Fig. 5 illustrate that
bacterial multiplication appeared to be confined
to the cytoplasm of individual cells without
extension to immediately adjacent cells, many
of which were entirely devoid of organisms. The
paucity of bacteria in areas external to the
sharply defined cell boundaries indicates, first, a
remarkable capacity of the cells to maintain
structural integrity in the presence of extensive
intracellular . bacterial multiplication, and,
sccondly, the efficacy of repeated washings of the
tissue as a means for removing extracellular
organisms.

Comparison of the cellular picture at successive
intervals of incubation with the intracellular
growth curves illustrated in Fig. 2, indicates
that intracellular yields approximating 107
organisms per ml of tissue cell suspension were
attained before an occasional infected cell could
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be secn; but when yields of 10 organisms per
ml were obtained, densely infected cells in large
numbers were evident. Cellular deterioration
and the onset of cytoplasmic disintegration
occurred earlier and was more extensive in
tissues infected with strain B4, M than in those
infected with strain D;(DG). This appeared to
be the result of the higher yields obtained with
the former strain.

DISCUSSION

The Henle cell was selected for use in this
investigation because of its origin in the human
embryonic intestinal epithelium; however, the
shigellae apparently possess no specific tropism
for this cell, inasmuch as intracellular infection
of chick fibroblast monolayers was also obtained
by the same technique. The latter tissue showed
the same difference in the growth curves of
strains By, M and B;F.

The observation that a heavily infected tissue
cell frequently lay immediately adjacent to
other cells completely free of bacteria suggests
(1) that infection did not spread from cell to cell,
and (i) a possible variation in cellular sus-
ceptibility to infection. Whether the percentage
of infected cells might have been increased by
use of another infection-promoting serum was
not studied. Shepard (1959) noted that sera from
different species varied in their capacity to
induce infection of cells by different bacterial
genera, and that horse serum had relatively poor
infection-promoting properties for several miero-
organisms. Horse serum was employed in this
study because it was believed that it would
cause the introduction of only a small number of
bacteria into the tissue cells during the initial
period of incubation, with a resultant delay in
the time at which progressive destruction of the
cells in a monolayer would force termination of an
experiment.

The diverse curves for the intracellular multi-
plication of several Shigella strains indicate that
strains differ significantly in their capacity to
adapt successfully to intracellular residence, and
also in their ability to resist the deleterious
effects of streptomycin. It has been reported
that this diversity may be associated with
differences in oral virulence of Shigella strains
for monkeys (Watkins, 1960). No such strain
variation in growth curves was manifested in
the absence of tissue cells.
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The observations of strain variability of
Shigella, demonstrable only in an intracellular
environment, are in accord with MecDermott’s
(1958, 1959) suggestion that it is the adaptive
capability of the individual organism that is
the key factor in determining the effect of a
particular environment upon the host-organism
interaction. Others have reported the capacity of
cells in tissue culture to differentiate between
pathogenic and nonpathogenic organisms.
Holland and Pickett (1956), using chick fibro-
blasts, and Stinebring and Kessel (1959), using
guinea pig mononuclear cells, were able to
distinguish virulent from avirulent Brucella
species, while Shepard (1957a,b, 1958) had
similar results with mycobacteria growing in
HeLa cells. However, the diminished yields and
variable response of Shigella strains in an intra-
cellular location subjected to the action of
streptomycin concentrations lethal to the same
organisms growing extracellularly apparently
was not a problem with the bacterial species
studied by these workers.

Thayer and his associates (1957a,b) have
reported on the failure of a number of antibiotics
to affect gonococei growing intracellularly in
tissue culture. On the other hand, Smadel (1960)
has indicated that tissue cultures infected with
Salmonella typhosa can be freed of infection with
the proper antibiotic treatment. (After com-
pletion of work described here, Merriott et al.
(1961) reported that streptomycin interfered
with intracellular growth of Pasteurella tularensis
in L cells.)

Microscopic examination of densely infected
cells reveals remarkably little cellular deteriora-
tion, suggesting that the metabolic activities of
both cell and organism may proceed for some
time until mechanical pressure disrupts the
former. This arouses speculation as to what
contribution cellular enzymatic systems may
make to bacterial ecology. Smadel (1960) has
suggested the utilization of tissue culture systems
for studies of the carrier state in certain infections.
Such host-parasite models should receive atten-
tion for potential contributions to an under-
standing of the pathogenesis of localized diseases
such as shigellosis.
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