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MODELS OF INFECTION 

Characteristics of invasion of H Ep-2 cells by Providencia 
alcalifa ciens 
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Summary. Previous studies with three isolates from diarrhoeal stools suggested that 
Providencia alcalifaciens is an invasive enteric pathogen that also causes actin condensation 
in infected cells. These findings were extended in the present study with a further 14 diarrhoeal 
stool isolates of P. alcalifaciens and HEp-2 cell monolayers for invasion assays. Studies on 
invasion characteristics with two selected isolates suggested that P. alcalifaciens required 
prior growth at 37°C for better invasion. Invasion and actin condensation were inhibited by 
an agent that inhibits microfilament formation, but not by agents that inhibit receptor- 
mediated endocytosis, microtubule formation, endosome acidification or receptor recycling. 
In time-course assays with HEp-2 cell monolayers maintained in medium containing 
gentamicin, P. alcalifaciens showed a small degree of multiplication after invasion of the cells, 
but viable bacteria could not be recovered over a 24-h period although the integrity of the cell 
monolayer was preserved during this period. 

Introduction 

Providencia alcalifaciens is a member of the family 
Enterobacteriaceae and has been thought to be a cause 
of diarrhoea.' Recently, three isolates of P. 
alcalifaciens (2939/90, F90-2004 and R90- 1475) 
obtained from diarrhoeal stools were studied, and all 
of them were found to be invasive in the HEp-2 cell 
assay with an associated condensation of actin 
filaments. Furthermore, they produced diarrhoea in 
adult rabbits with removable ileal ties (RITARD 
model), and histological examination and electron- 
microscopy showed invasion of intestinal mucosa by 
P. al~alifaciens.'~~ To determine the invasive ability of 
P. alcalifaciens, additional isolates from diarrhoeal 
stools were screened. The dynamics of intracellular 
multiplication of P. alcalifaciens in HEp-2 cells, the 
effects of prior growth temperature of P. alcalifaciens, 
and of some selected metabolic inhibitors on the 
invasion of HEp-2 cells by P. alcalifaciens were also 
studied. 

Materials and methods 

Bacterial isolates 

Fourteen strains of P. alcalifaciens isolated from 
stools of patients with diarrhoea were studied. Strain 
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F90-2004, which was one of the isolates of the previous 
study, was also used as a well-characterised prototype 
strain.' The isolates are listed in table I along with 
relevant clinical details of the patients from whom they 
originated. Diarrhoea was classified into three 
categories : invasive, watery or loose. In invasive 
diarrhoea, there was macroscopic evidence of blood 
and mucus; in watery diarrhoea, the consistency was 

Table I. Relevant clinical details of the patients from whom 
P. alcalifaciens was isolated 

Sex Type of Recognised enteric Patient no. Age diarrhoea pathogen isolated 

F90-2004* 
205192 
24496192 
373192 
24337192 
23672192 
247 17/92 
23849192 
262192 
28390192 
24331 
101 14 
5277 
3623 
17867 

Adult M Watery 
12 y M Watery 
2 m  M Invasive 
l y 3 m  M Watery 
2 m  F Loose 

16 y F Loose 
11 m M Watery 
3 m M Invasive 
5 y F Watery 
3 m  F NK 
2 m  NK NK 
l y 6 m  F Watery 
2 y 6 m  F Watery 
1 y 6 m  M Loose 

45y M Loose 

-t 
Aeromonas hydrophila 
Sh igella boydii 
Campy lobac t er jejun i 

- 
- 

- 

Shigella dysenteriae 1 
- 

- 

- 

Campylobacter jejuni 
Vibrio cholerae 0 139 
Aeromonas hydrophila 
Salmonella typhi 

NK, not known. 
*This isolate was from a previous study.' 
tNo  recognised pathogen isolated. 
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watery; and in loose motions, the appearance was 
neither invasive nor watery, but sufficiently loose to 
assume the shape of the container. Conventional 
enteric pathogens, such as Salmonella, Shigella, Vibrio, 
Campylobacter, Aeromonas and Plesiomonas spp., 
parasites and rotavirus were sought in these specimens 
by standard  method^.^-^ 

HEp-2 cell invasion assay 

Quantitative assay. The procedure for determining 
HEp-2 cell invasion has been described previously.2 
HEp-2 cells were seeded on glass coverslips (Bellco 
Glass Inc., Vineland, NJ, USA) placed in the bottom 
of 1 -dram (3.7-ml) glass shell vials (American Scientific 
Products, McGraw Park, IL, USA) and grown in 
minimum essential medium with Earle's salts and 
glutamine (MEM) containing fetal bovine serum 
10% v/v and antibiotics (Gibco, NY, USA). Before 
infection with the bacteria listed in table I, the growth 
medium was replaced with MEM lacking antibiotics; 
the monolayers contained c. 2.0 x lo5 HEp-2 cells. 
After the antibiotic-free medium was removed, the 
vial was inoculated with a bacterial suspension. The 
inocula were prepared with 4-h shaken cultures in 
Luria broth incubated at 37"C, and each culture was 
inoculated into three vials. For this, lop1 of appro- 
priately diluted bacterial culture mixed with 1.0 ml 
of MEM (c. 1.0 x lo7 cfu) was inoculated into each 
vial. This resulted in a ratio of c. 100 bacteria/HEp-2 
cell. The bacterial inoculum was centrifuged on to the 
HEp-2 cell monolayer at 800 g for 10 min and then 
incubated at 37°C in CO, 5 % for 2 h. The monolayer 
was washed to remove non-adherent bacteria, and 
incubated in MEM containing gentamicin 100 pg/ml 
at 37°C for 1 h to kill extracellular bacteria. Two of the 
three monolayers with each bacterial inoculum were 
lysed with Triton X-100 1.0 YO v/v for 5 min to release 
intracellular bacteria (this treatment did not affect 
the survival of bacteria). Different dilutions of the 
lysed monolayers were plated on MacConkey Agar 
(Gibco) to determine the number of cfu/ml. The other 
infected monolayer was fixed in methanol, stained 
with Giemsa stain and observed by light microscopy 
to examine for the integrity of the monolayer and 
evidence of bacterial invasion. Experiments were 
repeated three times for each isolate. Bacterial isolates 
were also exposed to gentamicin-containing MEM 
(without HEp-2 cells) to ensure that the isolates did 
not survive the antibiotic treatment. The positive 
control used was an invasive ShigellaJlexneri 2a strain, 
and the negative controls were Escherichia coEi K12 
and a non-pathogenic human faecal isolate of E. coli 
HS.7 

Determination of the time-course of intracellular 
multiplication. After a 2-h infection period with P. 
alcalifaciens isolates F90-2004 and 205/92 and the 
positive control strain of S. Jlexneri 2a, the tissue 
culture medium (MEM containing gentamicin 
100 pg/ml) was added to the monolayer and incubated 

for 1 h to kill extracellular bacteria, as in the invasion 
assay. However, instead of treating the cells with 
detergent after gentamicin treatment, the monolayers 
were washed with phosphate-buffered saline (PBS, 
pH 7.2) and fresh medium was added. The medium 
contained gentamicin 10 pg/ml which inhibited any 
remaining extracellular bacteria.8 The number of 
cfu/ml was determined at 0, 2, 4, 6 and 24 h after 
the end of the 2-h infection period after lysis of the 
HEp-2 cells with the detergent Triton X-100 (the zero 
time point was after the 2-h infection period plus 1-h 
contact period with gentamicin to kill extracellular 
bacteria). The medium was removed after incubation 
at the above mentioned time-points and fresh medium 
containing gentamicin 100 pg/ml was added for 1 h. 
For time-course studies, during the long period of 
incubation, the concentration of antibiotic was 
reduced to 10 pg/ml to minimise the slow diffusion of 
the antibiotic into the intracellular compartment, and 
at the termination of the invasion assay at each time- 
point, the concentration of antibiotic was raised again 
to lOOpg/ml to ensure the killing of extracellular 
bacteria. This is a standard procedure.8*9 The number 
of bacteria at the last four time-points was compared 
with that at the first time-point (0 h) to evaluate the 
relative increase in numbers of intracellular bacteria. 
Additional infected monolayers grown on coverslips 
were fixed with methanol and stained with Giemsa 
stain after incubation for 6 and 24 h to evaluate the 
integrity of the cell monolayers. Experiments were 
done in duplicate and repeated at least six times. S. 
JEexneri 2a, which is known to invade and multiply 
within the cells, was included as a control bacterium in 
these experiments. 

Eflect of temperature of growth on invasion 

The bacteria were grown as shaken cultures in Luria 
broth at 30" and 37°C for 4 h, and then quantitative 
invasion assays were performed at 37°C. The experi- 
ments were performed three times in duplicate. 

Efect of metabolic inhibitors on invasion 

The effects on the invasion of bacteria listed in 
table IV of inhibitors of microfilament structure 
(cytochalasin D 2.5 pg/ml), endosome acidification 
(50 mM ammonium chloride), receptor recycling 
(chloroquine 200 pg/ml), receptor-mediated endo- 
cytosis (500 pm dansylcadaverine) and microtubule 
formation (colchicine 5 pglml) in eukaryotes, were 
studied in the quantitative HEp-2 cell invasion assay. 
(All these reagents except ammonium chloride were 
obtained from Sigma, St. Louis, MO, USA; ammonium 
chloride was obtained from J. T. Baker Co., NJ, 
USA.) The cell monolayers were pre-incubated with 
these agents for at least 45 min before challenge with 
bacteria. Inhibitors were also present in the tissue- 
culture medium throughout the period of the invasion 
assay. The effect of the concentrations of metabolic 
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Table 11. Invasion of HEp-2 cells by P. alcalifaciens and control bacteria 

Strain 

P .  alcalifaciens 
F90-2004 
205192 
24496192 
373/92 
24337192 
23672192 
24717192 
23849192 
262192 
28390192 
24331191 
101 14 
5277 
3623 
17867 

S.  flexneri 2a 
E. coli K12 
E. coli HS 

1.0 x 104 
1.4 x 104 
7.0 x 103 
1.2 x 103 
2.8 x 104 
5-7 x 104 
2.7 x 104 
5.0 x 103 
5.0 x 103 
2.3 x 104 
1.5 x 104 
1.7 x 104 

4.0 x 103 

5.0 x 105 

4-0 x lo2 

6.6 x 10' 

1.5 x 10' 
1.6 x 10' 

0.03 
0.15 
0.05 
0.005 
0.23 
0.18 
0.17 
0.03 
0.02 
0.07 
0.06 
0.14 
0.004 
0.03 
0.007 
2.9 
o*ooo 1 
o*ooo 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
- 

~ ~ ~~ ~ ~ ~ 

*Values are averages of duplicate samples and represent data from one of three experiments. 

2 4 6 24 

Time after infection (h) 
Figure. Intracellular multiplication of P .  alcalifaciens isolates F90-2004 (m) and 205192 (O), and S.Jlexneri 2a (A) in HEp-2 cell monolayers. 
Values represent the ratios of gentamicin-resistant bacteria at (xh/Oh), and are means of duplicate assays from one of six experiments. 

inhibitors used on the viability of HEp-2 cells was 
assessed by trypan blue exclusion staining of cells. The 
inhibitors were also incubated separately with bacteria 
for the length of the invasion assay to observe their 
effect on bacterial growth. The experiments were 
performed three times in duplicate. 

Fluorescent actin staining (FAS) test 

above. The degree of actin condensation (number of 
fluorescent spots-one fluorescent spot was defined as 
contributed by a cluster of five or more bacteria) was 
graded on a 0 to 4+ scale by examining 100 cells in 
random fields, with 4 + assigned to actin condensation 
when the assay was performed without inhibitor. The 
experiments were performed three times in duplicate. 

The bacterial isolates listed in table I1 were tested for Results 

actin condensation with HEp-2 cell monolayers in a 
3-h assay as described previously.2 When testing the Quantitative invasion 

effect of metabolic inhibitors on actin condensation by 
the bacteria listed in table IV, the inhibitors were 
present in the tissue-culture medium as described 

The results of the invasion assay with the isolates are 
shown in table 11. All the clinical isolates, including the 
previously studied isolate F90-2004, were invasive and 
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Table 111. Effect of growth temperature of bacteria on HEp-2 cell invasion by P .  alcalifaciens and control bacteria 

Strain 

Bacterial inoculum grown at 37°C Bacterial inoculum grown at 30°C 

Percentage of Percentage of 

bacteria bacteria 
Inoculum Intracellular* relative to Inoculum Intracellular* relative to 

inoculum inoculum 

Bacteria (cfu)/ml intracellular Bacteria (cfu)/ml intracellular 

P.  alcalifaciens 
F90-2004 2.0 x 107 1.7 x 104 0.085 3.0 x 107 2-3 x lo2 0.0008 
205/92 1.5 x 107 3.0 x 104 0.2 1.5 x 107 6.0 x 103 0.04 

S. jlexneri 2a 4.0 x 107 1.3 x lo6 3.25 PO x 107 5.0 x 104 0.5 
~~ 

*Values are averages of duplicate samples and represent data from one of three experiments. 

Table IV. Effects of various metabolic inhibitors on invasion 
of, and actin condensation in, HEp-2 cells, by P .  alcalifaciens 
and the control bacterium, S.  jlexneri 2a 

Invasion* actin Condensation?) by (and actin 

condensation?) 

Invasion* (and 

Inhibitor P.  alcalifaciens isolates 

F90-2004 205/92 by "flexneri  2a 

None 100 (4+) 100 (4+) 100 (4+) 
Chloroquine 85 (3+) 90 (4+) 89 (4+) 

Ammonium chloride 90 (4 + ) 97 (4 + 102 (4+ 

Dans y lcadaverine 90 (4+) 85 (4+) 95 (4+) 

(200 ,ug/ml) 

(50 mM) 

(500 ,m/ml) 
Cytochalasin D 0 (0) 0 (0) 0 (0) 

(2.5 P g b a  
Colc hicine 133 (4+) 100 (4+) 108 (4+) 

( 5  Pg/ml) 

incubation for 24 h no viable bacteria were recovered. 
For S.  flexneri 2a, there was rapid intracellular 
multiplication in the initial few hours, and at the end of 
24 h, no viable bacteria were recovered. Giemsa- 
stained cells at the end of the 24-h incubation period 
showed that the P. alcalifaciens-infected monolayer 
was more or less intact with some intracellular bac- 
teria, whereas the S. flexneri 2a-infected monolayer 
was destroyed. 

Efect of temperature of growth on invasion 

The effect of growth temperature on invasion is 
shown in table 111. Like the control S. Jexneri 2a 
strains, P. alcalifaciens isolates exhibited higher levels 
of invasion when grown at 37OC, and there was a 
marked reduction in invasion when grown at 30°C. 

*Values represent the ratio of gentamicin-resistant bacteria in the 
presence of inhibitor to gentamicin-resistant bacteria without 
inhibitor and are expressed as percentages. 
?Determined by fluorescent actin staining (FAS) test. The number 
of fluorescent spots (one fluorescent spot was defined as contributed 
by a cluster of five or more bacteria) in infected HEp-2 cells without 
inhibitor was assigned a value of 4+ by examining 100 cells in 
random fields. When the FAS test was performed with inhibitor, the 
number of fluorescent spots was determined on a W+ scale. 

all of them also gave positive results in the test for actin 
condensation. The control bacteria behaved as 
expected: S. flexneri 2a was highly invasive and the 
negative control strains of E. coli exhibited weak 
invasion. Giemsa-stained HEp-2 cell monolayers 
infected with P. alcalifaciens and S.flexneri 2a showed 
intracellular bacteria (data not shown). 

Tirne-course of intracellular multiplication 

The well characterised strain of P. alcalifaciens F90- 
2004 and a further strain shown in table I1 (205/92) 
were studied in this assay. S.flexneri 2a was included 
as a positive control. The results of a typical ex- 
periment are shown in the figure. For P. alcalifaciens 
isolates, there was a slight increase in the intracellular 
count between the 2- and 6-h time-points, and after 

Efect of metabolic inhibitors on invasion 

The effects of metabolic inhibitors on the ability of 
the organisms to invade are shown in table IV. The 
control S. flexneri 2a isolate and both the P. 
alcalifaciens isolates behaved in a similar fashion in 
these assays. Cytochalasin D, an inhibitor of micro- 
filament structure, inhibited invasion as well as actin 
condensation. The other agents, chloroquine (in- 
hibitor of receptor recycling), ammonium chloride 
(inhibitor of endosome acidification), dansylcada- 
verine (inhibitor of receptor-mediated endocytosis) 
and colchicine (inhibitor of microtubule formation) 
did not seem to have any appreciable effect on invasion 
or actin condensation by the isolates. These agents, 
including cytochalasin D, did not have any inhibitory 
effect on bacterial growth and also did not affect the 
viability of HEp-2 cells (data not shown). 

Discussion 

In a previous study three diarrhoea1 stool isolates 
of P. alcalifaciens were found to be invasive.2 This 
observation was extended with an additional 14 
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isolates from diarrhoeal stools in the present study. 
This suggests that invasiveness is a property commonly 
found among P. alcalifaciens isolates. All these isolates 
also caused polymerisation of actin filaments as 
shown by the FAS test. In six of the 14 diarrhoeal 
patients from whom the isolates originated, P. 
alcalifaciens was the only putative pathogen present, 
and in others it was mixed with recognised enteric 
pathogens. Of the 14 diarrhoeal patients, the type of 
diarrhoea in two was not known, two patients from 
whom Shigella spp. were isolated had invasive di- 
arrhoea and the remaining 10 had either watery 
diarrhoea or loose stool. It is not unusual to find some 
patients infected with invasive pathogens like Sal- 
monella spp. and S. sonnei presenting with watery 
diarrhoea.". l1 Although P. alcalifaciens possesses 
invasive characteristics, it may not be overly invasive 
and produces either loose or watery diarrhoea most of 
the time. Additional evidence for the role of P. 
alcalifaciens in the causation of diarrhoea should come 
from case-control studies. 

The kinetics of invasion of, and intracellular survival 
in, HEp-2 cells suggested that, after invasion, P. 
alcalifaciens isolates showed some degree of mul- 
tiplication and were killed over a 24-h period. After 
incubation for 24 h, Giemsa-staining showed that the 
majority of HEp-2 cells were intact with some in- 
tracellular bacteria, and the intracellular bacteria were 
obviously dead. The lack of appreciable damage to 
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Studies on the effect of metabolic inhibitors on 
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studied.8y9v l3 The actin condensation data also 
corroborated these findings. In-vitro invasion studies 
with polarised intestinal epithelial cell mon01ayers~~ 
and intestinal mucosal biopsy studies of patients 
suffering from P. alcalifaciens diarrhoea should shed 
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alcalifaciens. 
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