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Abstract

Aims: To assay the combination of phage and probiotics against EHEC

in vitro on infected Hep-2 cells.

Methods and Results: Phage and probiotics treatments on EHEC O157:H7-

infected Hep-2 cells were assayed individually or combined. The effect of

freeze-drying on phage and probiotic antimicrobial activity was also studied.

While treatment with phage alone increased cell detachment caused by EHEC

infection, the treatments with MM alone or in combination with phage proved

to effectively diminish cell damage caused by EHEC infection. Combined

treatment showed a decrease in apoptotic cell count of 57�3% and a reduction

in EHEC adhesion to cell monolayer of 1�2 log CFU. The simultaneous use of

phage and probiotics showed no antagonistic effect, and freeze-drying did not

affect their antipathogenic activity.

Conclusions: The combination of phage and probiotics has great potential for

reducing the number of pathogens adhered to epithelial cells during EHEC

O157:H7 infection and attenuating the cytotoxic effect derived from it. Further

in vivo assays are needed for assessing the actual effectiveness of the treatment.

Significance and Impact of the Study: This study presents a freeze-dried

formulation of phage and probiotics capable of controlling EHEC infections

and reducing epithelial cell damage in vitro.

Introduction

Enterohemorrhagic Escherichia coli (EHEC) are bacterial

pathogens, included in a larger group of pathogens

known as Shiga toxin-producing E. coli (STEC), which

are also capable of producing an attachment and effacing

(A/E) lesion on epithelial cells.

Shiga toxins (Stx) are considered the main virulence

factor of EHEC, exerting their cytotoxic effect by the

inhibition of protein synthesis and induction of cell

apoptosis on renal endothelium and intestinal epithelial

cells (Doyle et al. 2001). A/E lesions are characterized by

the erasure of microvilli and formation of pedestal like

structures on intestinal epithelial cells where the pathogen

is located and can inject effector proteins directly into the

host cell.

EHEC are usually associated with haemorrhagic colitis

outbreaks and represent the main trigger of haemolytic

uremic syndrome (HUS) worldwide (Johnson and Taylor

2008). In particular, O157:H7 is the main serotype associ-

ated with haemorrhagic colitis and HUS outbreaks

(Karmali et al. 2010; Masana et al. 2010). HUS affects

mostly children under age 10 (Gamage et al. 2003) and is

characterized by the production of acute renal failure,

thrombocytopenia and microangiopathic haemolytic anae-

mia, with a mortality rate of 1–4% (Spinale et al. 2013).

Antibiotic treatment is contraindicated for E. coli

O157:H7-infected children since there is evidence that it

may enhance bacterial production of Stx (Kimmitt et al.

2000) and increase the risk of the development of HUS

(Wong et al. 2000). Besides, there is a current trend of

reducing the usage of antibiotics in order to control the

Journal of Applied Microbiology © 2016 The Society for Applied Microbiology 1

Journal of Applied Microbiology ISSN 1364-5072



proliferation of resistant pathogens. Following this trend,

alternative treatments including vaccines, antibodies to

endotoxins, and micro-organisms with antimicrobial

activity are being researched (Gu et al. 2009; Fernebro

2011; Rahal et al. 2012).

Phage therapy has proven to be efficient in the biocon-

trol of pathogenic E. coli (Chibani-Chennoufi et al. 2004;

Tanji et al. 2005; Alam et al. 2011), and presents the

advantage of using a self-replicating therapeutic agent

which, unlike antibiotics, has high specificity and increased

activity when the number of pathogens rises. Nonetheless,

the use of lytic phage to kill bacteria with intracellular tox-

ins has the disadvantage of producing a burst release of

toxins during bacterial lysis (Paul et al. 2011).

Probiotics have also been successfully assayed for the

control of E. coli O157:H7 infections (Ogawa et al. 2001;

Shu and Gill 2002; Medellin-Pena and Griffiths 2009).

Probiotic micro-organisms can execute their antipatho-

genic activity by several mechanisms such as maintaining

intestinal epithelial integrity (Madsen et al. 2001),

increasing mucin production and secretion from goblet

cells (Mack et al. 2003; Ohland and MacNaughton 2010),

production of bacteriocins (Corr et al. 2007; Oelschlaeger

2010; Arqu�es et al. 2015) and enhancing immunomodu-

latory effects (Tien et al. 2006; Boirivant and Strober

2007; Romanin et al. 2010). Some probiotics can also

exhibit colonization resistance, which is the avoidance of

pathogen binding through the formation of a protective

barrier between the infecting organism and the epithelial

cells (Fedorak and Madsen 2004; Eutamene and Bueno

2007; Jandu et al. 2009). The action mechanisms of pro-

biotics against pathogens are completely different from

those of phage, the latter showing an exponential reduc-

tion in the number of pathogens during the lytic cycle.

Therefore, it is expected that late-stage infections are

more likely to be controlled by phage than by probiotics.

In previous work, podophage CA933P isolated in our

laboratory proved to be a promising candidate for the

biocontrol of enterohemorrhagic E. coli. CA933P is cap-

able of infecting certain strains of serotypes O145:H25,

ONT:H12 and O13:H6 of Shiga toxin-producing E. coli,

and can also infect enteroinvasive E. coli, Shigella flexneri

2, Sh. flexneri 3 and Pseudomonas aeruginosa (Dini and

De Urraza 2010).

Probiotic Lactobacillus plantarum strain CIDCA 83114

isolated from kefir grains was also successfully assayed

against EHEC pathogenesis in vitro (Hugo et al. 2008).

A microbial mixture (MM) of five probiotic strains

isolated from kefir grains (Lact. plantarum, Lactococcus

lactis, Lactobacillus kefir, Kluiveromices marxianus and

Saccharomyces cerevisiae), which includes strain CIDCA

83114, also exhibited antagonistic activity against patho-

genesis of Shigella sonnei and Clostridium difficile in vitro

and in vivo (Bolla et al. 2011, 2013a,b; Kakisu et al.

2013).

The aim of this work was to study the combined effect

of phage CA933P and the probiotic microbial mixture

(MM) in vitro on the attachment of EHEC O157:H7 to

epithelial Hep-2 cells and its cytotoxic effect.

Materials and methods

Bacteriophage and bacterial strains

Bacterial strain EDL933 of EHEC O157:H7 (ATCC

700927), bacteriophage isolate CA933P (Dini and De

Urraza 2010) and a probiotic microbial mixture (MM)

(Bolla et al. 2011) were used for all the assays. MM is com-

posed of bacterial and yeast strains isolated from kefir

grains: Lc. lactis sub lactis CIDCA 8221, Lact. plantarum

CIDCA 83114, Lact. kefir CIDCA 8348, K. marxianus

CIDCA 8154 and S. cerevisiae CIDCA 8112. Probiotic

strains were isolated, identified and characterized by Gar-

rote et al. (2001) and Delfederico et al. (2006).

EHEC was cultured in LB medium (1% NaCl; 0�5%
yeast extract; 1% tryptone) for 20 h at 37°C and

180 rev min�1 in an orbital shaker giving a final concen-

tration of 4�4 9 108 CFU ml�1 (OD600nm = 0�63).
Phage was propagated in LB medium using EHEC

strain EDL933 as host as previously described (Dini and

de Urraza 2013). The phage lysate was filtered through a

0�22-lm pore-size membrane, and phage titre was deter-

mined by the soft agar overlay method in LB medium

(Kropinski et al. 2009). Phage lysate was diluted with LB

medium to the concentration specified for each assay.

Probiotic strains (lactobacilli and yeasts) were grown in

MRS-broth (Difco, Detroit, MI) for 48 h at 30°C. Lacto-
coccus lactis was cultivated in 1 : 1 : 1 growth media (1%

w/v of tryptone – Difco; 1% w/v of yeast extract – Biokar

Diagnostic, Beauvais, France; and 1% w/v of lactose –
Mann Research Laboratories, NY) for 24 h at 30°C. The
same volume of each microbial suspension was cen-

trifuged at 10 000 g for 15 min. Microbial mixture

(MM) was obtained by resuspending both pellets together

in 1 ml of the corresponding medium: Dulbecco’s Modi-

fied Eagle’s Medium (DMEM; GIBCO BRL Life Tech-

nologies, Rockville, MD) for fresh MM treatment, or

UHT skim milk for freeze-drying, giving final bacteria

and yeast concentrations of 109 and 106 CFU ml�1

respectively (Bolla et al. 2011).

Lyophilization of phage, probiotics and phage-probiotic

mixture

The samples were prepared in sterile 1-ml glass vials as

follows:
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For phage freeze-drying, 20 ll of phage lysate

(5 9 108 PFU ml�1) in LB medium were added to

180 ll of sterile SM buffer (100 mmol l�1 NaCl;

8 mmol l�1 MgSO4.7H2O; 50 mmol l�1 Tris-HCl;

0�01% (w/v) gelatin; pH 7�5) with 0�1 mol l�1 sucrose.

MM vials were prepared by adding 20 ll of sterile LB

to 180 ll of MM in skim milk. The mixture of phage

and MM (MM + P) was prepared by adding 20 ll of
phage lysate to 180 ll of MM in skim milk.

Vials were kept for 24 h at �80°C and frozen samples

were dehydrated for 48 h in a Heto FD4 (LabEquip-

ment, Allerød, Denmark) freeze-drier. Vials were

flame-sealed and stored at 4°C.

The stability of the freeze-dried mixture of phage and

MM during storage at 4°C was determined by resuspend-

ing two MM + P ampoules with 200 ll of SM buffer at

different storage times from 0 to 120 days. The phage

titre was determined by the soft agar overlay method in

LB medium (Kropinski et al. 2009). The titre of the

lactobacilli component of the MM was determined by

plate count in MRS Agar (Difco), the yeast titres were

obtained using YGC agar (Biokard Diagnostic, Beauvais,

France) and lactococcus plate count was performed in

1 : 1 : 1 medium added with 1�5% w/v agar–agar (Mer-

ck, Darmstadt, Germany).

Hep-2 cells culture

Hep-2 cells were cultured at 37°C for 48 h in a 5% CO2-

enriched atmosphere in 48-well (for cell detachment

experiments) or 24-well (for EHEC adhesion experi-

ments) tissue culture plates (Greiner Bio One, Fricken-

hausen, Germany) using DMEM supplemented with 10%

(v⁄v) of foetal calf serum (PAA Laboratories, GmbH,

Pasching, Austria), antibiotics (12 IU ml�1 penicillin and

12 lg ml�1 streptomycin) and 1% (v⁄v) nonessential

amino acids (GIBCO BRL Life Technologies) according

to Hugo et al. (2008).

Fresh phage and MM treatments on the cytotoxicity of

Hep-2 cells infected with EHEC

For cell infection, 10 ml of EHEC culture

(OD600nm = 0�63) were centrifuged for 5 min at

15 000 g and the supernatant was separated in a sterile

tube (supernatant tube). The bacterial pellet was

resuspended in the same volume of fresh LB medium. A

200-ll volume of the resuspended bacteria was added to

the supernatant tube and incubated for another 2 h at

37°C giving a final concentration of 3 9 108 CFU ml�1

(OD600nm = 0�36). Serial twofold dilutions of this cul-

ture in LB medium were used for cell detachment assays.

Hep-2 cells cultured in 48-well plates were washed

twice with PBS and wells were divided into infected trea-

ted cells, infected untreated cells and uninfected control.

Wells were prepared in triplicates as follows:

Infected treated cells: 20 ll of phage lysate

(5 9 107 PFU ml�1) or 20 ll of MM, for individual

treatments, or a mixture of phage and MM (20 ll each)
for a combined treatment were added to the respective

wells. A 200-ll volume of the corresponding dilution of

EHEC culture was added to each well, and the volume

was adjusted to 300 ll with DMEM. Treatments were

also run on uninfected cells (adding 200 ll of DMEM

instead of the EHEC culture) to verify whether cell

detachment was not produced by the addition of phage

and/or MM. Controls of cell detachment with skim

milk without probiotics and SM buffer with

0�1 mol l�1 sucrose without phage were also prepared.

Infected untreated cells: 200 ll of the corresponding

dilution of EHEC culture were added to the respective

wells and the volume of each well was adjusted to

300 ll with DMEM.

Uninfected control: For untreated uninfected controls,

the respective wells were filled with 300 ll of DMEM.

Plates were incubated for 16 h as described above, then

supernatants were extracted, wells were washed twice with

PBS, fixed with 2% (v/v) formaldehyde and stained with

Crystal Violet following the protocol of Minnaard et al.

(2001). The dye was extracted with 50% (v/v) ethanol

and the OD was measured at 540 nm. Cell monolayer

integrity after each treatment was evaluated by calculating

the percentage of cells detached using the following

expression:

Cell detachment (%) = 100 9 (1 � (Am � Ao)/

(Ab � Ao)) where Am is the sample absorbance; Ao is the

absorbance of a well without cells (control of stain

adsorption by the well); and Ab is the absorbance of the

uninfected untreated control.

Freeze-dried phage and MM treatments on the cytotoxic

effect of EHEC-infected Hep-2 cells

Vials of freeze-dried phage, MM and MM + P were

resuspended with 200 ll of SM buffer.

Wells were prepared as described for fresh treatments:

for individual treatments of phage (P) or MM, 20 ll of
the resuspended vial were added to the respective wells.

For combined treatments, 20 ll of phage + 20 ll of MM

(individually lyophilized), or 20 ll of MM + P lyophi-

lized together were added to respective wells. All wells

were then infected with 200 ll of EHEC culture

(7�5 9 107 CFU ml�1) prepared as described above, or

200 ll of DMEM for uninfected treated controls, and the
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volume was adjusted to 300 ll with DMEM. Cell detach-

ment controls with skim milk without probiotics and SM

buffer + 0�1 mol l�1 sucrose without phage were pre-

pared.

Preincubation with MM

For MM preincubation assays on Hep-2 cells, 20 ll of

fresh or freeze-dried MM were added to the respective

wells containing 280 ll of DMEM, and plates were incu-

bated 1 h at 37°C in a 5% CO2 atmosphere. Wells were

then washed three times with PBS, filled with 280 ll of
DMEM and 20 ll of fresh or freeze-dried phage were

added to respective wells. The assays were then conducted

as described above for the phage treatment.

EHEC adhesion, Hep-2 cell viability and monolayer

integrity after individual and combined treatments with

phage and MM

Hep-2 cell monolayer was infected with EHEC at

1 9 108 CFU per well in a 24-well tissue culture plate.

For phage and MM treatments, 20 ll of the resuspended

lyophilized phage or MM were added to the respective

wells. For the combined treatment, lyophilized phage and

lyophilized MM (20 ll each) were incorporated into

respective wells. Wells were adjusted to a final volume of

500 ll with DMEM and the plate was incubated for

2�5 h at 37°C and 5% CO2. For EHEC adhesion assays,

cells were washed three times with PBS, lysed with sterile

distilled water, and EHEC attachment to cells was deter-

mined by plate count in mEC agar with Novobiocin

(Merck KGaA, Darmstedt, Germany).

The viability and monolayer integrity were evaluated

by fluorescent dye staining of Hep-2 cells after incubation

with EHEC with and without P, MM and MM + P treat-

ments as described previously. Results were compared

with a control of Hep-2 cells without EHEC and without

further treatment. Controls of Hep-2 cells with MM, P

and MM + P treatments without EHEC were also run.

After the incubation, wells were washed three times with

PBS and stained with 250 ll of a 2 lg ml�1 solution of

acridine orange–ethidium bromide in PBS following the

protocol described by Ching et al. (2002). Stained cells

were observed by fluorescence microscopy. A total of 200

cells were counted in multiple randomly selected fields,

and the apoptotic (red) cell percentage was calculated

according to Grossmann et al. (1998).

Statistical analysis

All assays were performed in triplicate. Results were anal-

ysed by the one-way analysis of variance (ANOVA) with a

significance level of 5% (P < 0�05) followed by Fisher’s

least significant difference test at a P < 0�05, P < 0�01 or

P < 0�001 as specified for each result presented.

Results

Effect of combined treatment (phage and MM) of

EHEC-infected Hep-2 cells on the cytotoxic effect

Treatment with probiotic microbial mixture (MM) and

phage (individually or in combination) were assayed in

their protective effect of Hep-2 cells infected with EHEC

after incubation for 16 h.

The percentage of Hep-2 cell detachment after infec-

tion with different concentrations of EHEC with and

without treatment with probiotic microbial mixture

(MM) and phage (individually or in combination) are

shown in Fig. 1.

Probiotics exhibited a protective effect on Hep-2 cells

against EHEC infection, leading to a significant reduction

(P < 0�05) of cell detachment with respect to the

untreated control in the entire range of EHEC concentra-

tions tested. In contrast, no reduction (P > 0�05) of cell

detachment percentage was observed with the addition of

phage to infected Hep-2 cells (Fig. 1). Moreover, for an

EHEC infective dose of 7�5 9 107 CFU ml�1, phage

treatment significantly increased cell detachment percent-

age (P < 0�05) compared with the untreated control.
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Figure 1 Percentage (relative to noninfected cells) of Hep-2 cells

detachment after infection with different concentrations of enterohe-

morrhagic Escherichia coli (EHEC) O157:H7 without further treatment

(EHEC) or treated with phage (P, 106 PFU per well) and MM (2 9 107

CFU of bacteria and 2 9 104 CFU of yeasts respectively) individually

or in combination (P + MM). Symbols: EHEC (♦); P ( ); MM ( ) and

P + MM (3). After Crystal Violet staining of uninfected untreated

cells control and uninfected cells with phage, no significant difference

(P < 0�05) was observed in OD 540 nm values (0�456 � 0�176 and

0�517 � 0�087 respectively) indicating no cell detachment caused by

phage without EHEC.
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The addition of phage along with MM (MM + P) did

not significantly modify (P < 0�05) MM protective activ-

ity (Fig. 1). Particularly, no difference was observed

among MM and MM + P treatments for an EHEC infec-

tive dose of 7�5 9 107 CFU ml�1, indicating MM is able

to compensate for the detrimental activity of phage treat-

ment on cell monolayer integrity.

The maximum difference between probiotic treatments

(MM and MM + P) and the untreated control was

observed on cells infected with an EHEC concentration

of 7�5 9 107 CFU ml�1 (Fig. 1), thus this pathogen con-

centration was selected for further assays.

Effect of combined treatment (phage and MM) of

EHEC-infected Hep-2 cells on the cytotoxic effect: effect

of freeze-drying and preincubation with probiotics

Preincubation of Hep-2 cells with MM was assayed in the

effectiveness of the combined MM + P treatment to

study if there is competition for adhesion to epithelial

cells between the probiotic micro-organisms and EHEC.

This competition would be expected to be enhanced by

the contact of probiotics with cells prior to the infection

(Jankowska et al. 2008).

Incubation with MM prior to the addition of EHEC

and phage did not improve Hep-2 cells response to

EHEC cytotoxic effect (Table 1), suggesting MM anti-

pathogenic activity is not related to probiotic micro-

organisms completely covering the eukaryotic monolayer

surface, which would lead to a decrease in EHEC adhe-

sion to cells by unspecifically blocking the adhesion sites

of the pathogen.

The effect of the lyophilization of the MM + P mixture

on its antipathogenic activity was also studied in order to

analyse the possibility of extending its shelf life and

explore the chance of formulating a product suitable for

commercialization.

Hep-2 cell culture infected with EHEC at

7�5 9 107 CFU ml�1 treated with fresh MM + P exhib-

ited no significant difference (P > 0�05) on cell detach-

ment percentage with respect to those treated with the

lyophilized mixture (Table 1). Preincubation assays using

fresh or freeze-dried MM and P also showed no signifi-

cant difference (P > 0�05) on cell detachment (Table 1).

Stability of the lyophilized mixture of phage and MM

Stability of the lyophilized MM + P mixture stored at

4°C was examined in order to evaluate the shelf life of

the freeze-dried product. No significant loss in the titre

of any of the micro-organisms composing the probiotic

mixture was observed after 120 days of refrigerated stor-

age of the lyophilized MM + P (data not shown). There-

fore, the addition of phage did not modify the stability

previously reported for MM (P < 0�05) during freeze-

drying in skim milk and refrigerated storage of the lyo-

philized product (Bolla et al. 2011). Conversely, phage

was progressively inactivated during refrigerated storage

(4°C) of the lyophilized mixture. A decrease of

0�5 log PFU in phage titre was observed immediately

after the freeze-drying process, followed by a progressive

decrease in phage titre during the 120 days of storage,

resulting in a total loss of 2�1 log PFU with respect to

the initial phage count. This is in agreement with the

previously reported instability of phage CA933P during

freeze-drying and storage in skim milk (Dini and de

Urraza 2013), thus the more complex matrix of milk plus

MM micro-organisms did not improve phage stability.

Therapeutic effectiveness of individually freeze-dried

phage and MM alone or in combination

Due to the instability of the phage in the lyophilized mix-

ture of P + MM during refrigerated storage, the com-

bined treatment was assayed using individually

lyophilized phage in SM buffer + 0�1 mol l�1 sucrose

and MM in skim milk. Both media, SM buffer with

0�1 mol l�1 sucrose and skim milk, have been reported

to stabilize the titres of freeze-dried phage and MM,

Table 1 Percentage of detachment of enterohemorrhagic Escherichia

coli (EHEC)-infected Hep-2 cells after different treatments

Treatment Fresh Freeze-dried

None (control) 49�1 � 9�2
P 65�0 � 2�3 57�9 � 8�5
MM 10�6 � 7�8 28�6 � 11�8
MM + P* 23�1 � 4�4 17�4 � 12�3
Preinc. MM and P† 32�3 � 3�9 29�0 � 1�4
MM and P‡ 20�8 � 2�7

Percentages were calculated with respect to the uninfected control.

The control of cells with P and without EHEC showed no significant

difference (P > 0�05) with the uninfected control.

Fresh and freeze-dried treatments were equivalent (P > 0�05) except
for MM, whose fresh form exhibited a better performance (P < 0�05)
than the lyophilized one. All MM treatments (alone and combined)

were significantly different (P < 0�05) from P and the control, which

were equivalent (P > 0�05) to each other.

*Freeze-dried mixture of MM and phage.

†1-h preincubation of cells with MM before EHEC infection and fur-

ther treatment with phage (P).

‡Mixture of individually freeze-dried therapeutic agents. Concentra-

tions per well: EHEC 1�5 9 107 CFU; fresh P 106 PFU; freeze-dried P

4�3 9 105 PFU; fresh or freeze-dried MM 2 9 107 CFU of bacteria

and 2 9 104 CFU of yeasts; freeze-dried P + MM 3�2 9 105 UFP,

2 9 107 CFU of bacteria and 2 9 104 CFU of yeasts. The same con-

centration of P and MM used in the individual treatments was applied

for the combined treatments.
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respectively, during refrigerated storage (Bolla et al. 2011;

Dini and de Urraza 2013).

Freeze-dried phage and MM treatments were assayed

individually or in combination. Results are shown in

Table 1.

A decrease of 0�37 log PFU in the phage titre was

observed immediately after the freeze-drying process

(P < 0�05), which agrees with the results reported in a pre-

vious work (Dini and de Urraza 2013). However, lyophi-

lized phage treatment did not significantly modify cell

detachment percentages with respect to the fresh phage

treatment (P > 0�05), with results similar to those observed

for the untreated cells (P > 0�05). Conversely, incubation
with the fresh and the lyophilized probiotic mixture (MM)

significantly reduced cell detachment (P < 0�05) with

respect to the untreated cells, and the fresh mixture showed

a better performance (P < 0�05) than the lyophilized one.

No significant difference was observed between cell

detachment percentages on Hep-2 monolayer infected with

EHEC and treated with individually lyophilized phage and

MM with respect to those obtained with the treatment

using the freeze-dried MM + P mixture (Table 1).

Effect of P, MM and MM + P treatments on infected

Hep-2 cell monolayer integrity and EHEC adhesion

MM probiotic mixture has proved to play a decisive role

in the effectiveness of the combined MM + P treatment

regarding the cytotoxic effect of EHEC infection on Hep-

2 cells. Conversely, phage treatment showed no improve-

ment on cell cytotoxic effect after incubation with EHEC

for 16 h, probably due to the burst release of toxins dur-

ing bacterial lysis during phage multiplication cycles,

which counteracts the reduction in the number of patho-

gens available for the infection.

The effects of individually lyophilized phage and MM

alone or in combination were also evaluated by their abil-

ity to reduce EHEC attachment to Hep-2 cells.

Figure 2 shows a significant reduction (P < 0�05) in

EHEC adhesion to epithelial cells after individual treat-

ments with MM or phage with respect to the untreated

control, but the maximum reduction in EHEC attach-

ment was observed for the combined treatment of phage

and MM, resulting in a decrease in bacterial attachment

of 1�2 log CFU per well (P < 0�05) with respect to the

untreated control. Combined treatment resulted in a sig-

nificantly lower (P < 0�05) count of attached bacteria

than the treatment with MM alone. Additionally, Hep-2

monolayer integrity and cell viability was evaluated by

fluorescence microscopy (Fig. 3) after staining cells with

acridine orange and ethidium bromide. The percentage of

apoptotic (red stained) cells was calculated from a total

of 200 cells from randomly selected fields (Table 2).

As observed in Fig. 3, the monolayer integrity of the

uninfected control (Fig. 3a) does not differ from that of

infected cells treated with lyophilized phage, MM or a

mixture of individually freeze-dried phage and MM

(Fig. 3c–e), while uninfected and infected treated cells

(Fig. 3a and c–e) considerably differ from the untreated

infected cells (Fig. 3b), the latter exhibiting a greater ratio

of cell rounding and disorganization of the actin network,

these morphological changes being typically triggered by

EHEC infections (Hugo et al. 2008).

MM treatment exhibited similar apoptotic counts

(P > 0�05) to those of the control without EHEC, but

exhibited significantly lower counts (P < 0�05) than those

of the infected cells without treatment (Table 2). The

phage treatment exhibited a significant reduction in the

number of apoptotic cells with respect to the control with

EHEC, but was significantly higher than that observed for

the MM treatment and the uninfected control (Table 2).

The combination of both phage and MM decreased the

number of apoptotic cells (P < 0�05) with respect to the

infected cells without treatment, resulting in no signifi-

cant difference (P > 0�05) from that of the uninfected

control.

No significant difference was observed for the unin-

fected treated cells with respect to the uninfected

untreated control for any of the treatments assayed.

Discussion

In this work, the antimicrobial activity of EHEC phage

CA933P in combination with a microbial mixture (MM)

of probiotic micro-organisms isolated from kefir grains
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Figure 2 Enterohemorrhagic Escherichia coli (EHEC) (CFU per well)

adhered to Hep-2 cells after 2�5 h infection without further treatment

(EHEC) or treated with freeze-dried phage (P), freeze-dried MM or

the mixture of individually freeze-dried phage and MM (MM + P).

Asterisks indicate statistical differences: *P < 0�05; **P < 0�01;
***P < 0�001.
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was evaluated in order to combine the lytic effect of

phage and the ability of MM to reduce the pathogenesis

and the cytotoxic effect of EHEC on epithelial cells

in vitro.

The cytotoxicity produced by EHEC infection was eval-

uated by the measurement of Hep-2 cell detachment after

16 h of infection with EHEC concentrations ranging from

1�87 9 107 to 3 9 108 CFU ml�1 without further treat-

ment (untreated controls) or treated with phage and

MM, individually or combined.

The phage treatment resulted in cell detachment

percentages comparable to (P > 0�05) or even higher

(P < 0�05) (for an EHEC concentration of

7�5 9 107 CFU ml�1) than those of the untreated infected

control. The lack of effectiveness of phage treatment was

attributed to a counterpoised effect between the partial

reduction in the number of pathogens prior to the prolif-

eration of phage-resistant bacteria, which reduces the con-

tact time between the eukaryotic cells and the pathogen,

and the burst release of toxins produced by EHEC lysis

during phage replication (Matsuda et al. 2005). It is note-

worthy that although the toxin load is released at once

during bacterial lysis, it has been reported that phage

infection does not increase the amount of toxins produced

by bacteria (Viscardi et al. 2008).

Treatment with MM significantly reduced EHEC cyto-

toxic effect on Hep-2 cells, decreasing cell detachment

percentages in the entire range of EHEC concentrations

tested.

Preincubation with MM did not improve its antipatho-

genic activity against EHEC, suggesting that the MM pro-

tective activity to Hep-2 cells is not related to the

assembly of a microbial ‘layer’ isolating cells from EHEC

(Jandu et al. 2009). Therefore, other mechanisms are

likely responsible for the reduction in the number of

EHEC attached to Hep-2 cells observed after a short-term

co-incubation of MM with the pathogen (2�5 h).

No interference was observed on the protective activity

of MM with the addition of phage. Particularly, at the

EHEC concentration for which phage produced a greater

amount of cell detachment compared to the untreated

control, combined treatment of phage and MM exhibited

the same percentage of cell detachment as the treatment

with MM alone. This indicates not only that the phage

does not interfere with MM protective activity but also

that MM is able to offset the detrimental effect produced

by phage on the cell’s monolayer integrity after EHEC

infection. Based on these results, it would probably be

more suitable to stagger the combined treatment by first

applying probiotic treatment and then the phages for

in vivo treatments.

Freeze-drying diminished MM protective activity on

infected Hep-2 cells, probably due to the lag time needed

for microbial antipathogenic activity to be restored after

(a) (b) (c)

(d) (e) (f)

Figure 3 Micrographs of acridine orange–ethidium bromide-stained Hep-2 cells without infection (a), infected with enterohemorrhagic Escheri-

chia coli (EHEC) at 1 9 108 CFU per well without further treatment (b), and infected with EHEC and treated with phage at 4�3 9 105 PFU per

well (c), MM at 2 9 107 CFU of bacteria and 2 9 104 CFU of yeasts per well (d) and MM + P both at the same concentration used for the indi-

vidual treatments (e). Control of Hep-2 cells with phage and without EHEC (f). Percentage of apoptotic cells (arrows) was determined from a total

count of 200 cells from randomly selected fields for each condition. Magnification 409.
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the reactivation of MM mixture. In contrast, phage per-

formance was not affected by lyophilization in SM buffer

with 0�1 mol l�1 sucrose, as it did not differ from that

observed in the fresh treatment (P > 0�05). In a previous

work SM buffer with 0�1 mol l�1 sucrose proved to effec-

tively stabilize phage CA933P during storage of the lyo-

philized product at 4°C for at least 110 days (Dini and

de Urraza 2013). Lyophilized MM + P mixture showed a

similar performance to that of the fresh combined treat-

ment, but the phage was significantly inactivated during

the storage of the freeze-dried mixture. Furthermore, the

effectiveness of the combined treatment using a lyophi-

lized mixture of phage and MM did not differ from the

one obtained using the blend of the individually freeze-

dried antimicrobial agents, enabling the possibility of

using pharmaceutically acceptable freeze-drying media

designed specifically for each type of therapeutic agent

(phage or probiotic microbial mixture).

As mentioned, freeze-dried MM, besides reducing

EHEC cytotoxic effect, was also able to significantly

reduce EHEC adhesion to Hep-2 cells. With an EHEC

infective dose of 108 CFU per well, untreated cells

showed a bacterial attachment of 5�83 log CFU per well.

Treatment with MM significantly reduced (P < 0�05)
EHEC adhesion to eukaryotic cells by 0�31 log CFU per

well with respect the untreated cells (Fig. 2). This lower-

ing effect on EHEC attachment to Hep-2 cells has been

previously reported for Lactobacillus CIDCA 83114

(included in MM) but only at the lowest EHEC concen-

tration assayed (106 CFU per well) and after preincuba-

tion with the probiotic (Hugo et al. 2008). In this work

the reduction in EHEC attachment was also observed for

higher infection doses, indicating a contribution of the

other microorganisms composing the MM to the reduc-

tion of EHEC adhesion to the eukaryotic cells.

In addition to alleviating the negative effects derived

from pathogen infections, such as Stx cytotoxic effect,

probiotics also can control or attenuate bacterial infec-

tions by different mechanisms, such as: the modification

of the pathogen’s ability to infect cells (Ohland and Mac-

Naughton 2010), the increase in the immune response of

cells to the infection (Romanin et al. 2010) and the pro-

duction of bacteriocins to kill the pathogens (Oelschlae-

ger 2010; Arqu�es et al. 2015). For its part, phage activity

against bacteria is directly related to pathogen elimination

during the lytic cycle.

Lyophilized phage, CA933P, was also able to signifi-

cantly reduce (P < 0�05) EHEC adhesion to Hep-2 cells

by 0�62 log CFU per well with respect to the untreated

control (Fig. 2); possibly linked to a reduction in the

total number of pathogens available for infection. Also,

in the short-term incubation with the pathogen (2�5 h)

no cytotoxic effect was observed on Hep-2 cells, probably

due to the reduction in the number of pathogens with an

incubation period not long enough to allow several phage

replication cycles (which would enhance toxins release)

or the proliferation of phage-resistant bacteria. It is worth

mentioning that, unlike that observed in the in vitro

infection, the control of the pathogens by the host’s

defences in vivo is considerably favoured when the num-

ber of pathogens decreases, thus the extensive prolifera-

tion of phage-resistant bacteria as observed in vitro would

be unlikely. Likewise, cell damage is not expected to

reach the extensiveness observed in vitro after the short-

term incubation with phage and EHEC since the number

of lytic cycles would be capped, for the hosts’ defences

would be controlling the proliferation of the pathogen.

Nonetheless, as proposed in the work of Matsuda et al.

(2005), bacterial toxins’ release during the lytic cycle

would be avoided by using lysis-deficient (LyD) bacterio-

phages, which could be an interesting alternative for

being applied in combination with probiotics.

The combined treatment of individually lyophilized

phage and MM exhibited the best performance in the

decline of bacterial attachment, showing a significant

reduction (P < 0�05) of 1�15 log CFU per well in the

number of adhered EHEC with respect to the untreated

control, indicating that both antimicrobial agents can

contribute to decrease the infectivity of EHEC without

interfering in their antimicrobial activity. At longer incu-

Table 2 Percentage of apoptotic (red stained) Hep-2 cells after

different treatments

% red cells

Control 2�68 � 1�58
Control P 4�26 � 1�33
EHEC 60�7 � 1�17
P 14�69 � 6�98
MM 5�08 � 0�78
MM + P 10�33 � 2�17

Percentages were calculated from a total of 200 cells counted in mul-

tiple randomly selected fields. Control: uninfected untreated cells.

Control P: uninfected cells treated with phage. EHEC: infected

untreated cells (1 9 108 CFU per well of EHEC). P, MM and P + MM:

infected cells (1 9 108 CFU per well of EHEC) treated with

freeze-dried phage (4�3 9 105 PFU per well), freeze-dried MM

(2 9 107 CFU of bacteria and 2 9 104 CFU of yeasts) and MM + P

(mixture of the same concentrations of P and MM used in the individ-

ual treatments), respectively.

Phage treatment without EHEC (Control P) did not significantly

modify the percentage of red cells compared to the uninfected

untreated control (P > 0�05).
All treatments significantly reduced red cells percentages with respect

to the EHEC infected cells without treatment (P < 0�05). MM treat-

ments (alone and combined) showed no significant difference with

the control without EHEC (P < 0�05). P treatment significantly differed

from MM and MM + P treatments and the control.
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bation times (16 h) the beneficial effect of reducing the

number of pathogens produced by phages is masked by

the increased release of toxins produced by the bacterial

lysis during the multiplication cycle of the phage. In this

case the protection offered by MM to Hep-2 cells is evi-

dent when applied together with the phage.

Additionally, all treatments showed similar cell mor-

phologies to those of the uninfected control, and exhib-

ited a marked improvement on cell monolayer integrity

compared to the EHEC-infected cells without treatment.

Shiga toxins are considered the main virulence factor

associated with EHEC infection, and Stx-1 and Stx-2 have

both been reported to induce Hep-2 cells apoptosis

(Jones et al. 2000). Thus, both antimicrobial agents exert

a protective effect on Hep-2 cells against Shiga toxins in

short-term incubation periods, reducing the number of

apoptotic (red stained) cells. MM treatment was the most

effective one, showing no significant difference with the

uninfected control (P < 0�05).
Although MM was more efficient than phage in reduc-

ing apoptotic cell count, both antimicrobial agents

showed a marked reduction in the number of red-stained

cells with respect to the control of EHEC-infected cells

without treatment, indicating that both agents are effec-

tive in reducing the cytotoxicity derived from EHEC

infection. Furthermore, the combination of both reduced

the total number of apoptotic cells resulting not signifi-

cantly different (P > 0�05) to that of the control without

EHEC.

The results obtained show that the use of probiotics

(MM) is effective in reducing the cytotoxic effect pro-

duced by EHEC O157:H7 infection in vitro on epithelial

Hep-2 cells. Phage treatment of EHEC-infected cells

resulted in similar or higher cell detachment percentages

than the untreated control, but the addition of MM was

able to offset that negative effect, restoring the protec-

tive effect observed for the MM treatment and indicat-

ing no interference of phage with MM activity.

Individual treatments with phage or MM were able to

reduce EHEC attachment to Hep-2 cells, exhibiting the

combination of both the lowest EHEC adhesion, signifi-

cantly lower than that obtained with the MM alone.

The effectiveness of the combined treatment with indi-

vidually freeze-dried phage and MM did not differ from

that using both antimicrobial agents in a fresh form,

enabling the possibility to extend the shelf life of this

therapeutic mixture. Also, cell monolayer integrity was

improved for all treatments of infected cells compared

to the untreated infected cells, considerably reducing the

counts of apoptotic cells compared to the infected

untreated control.

The combined use of phage and probiotics proved to

be potentially effective in the treatment of EHEC infec-

tions, by reducing the number of pathogens in the focus

of infection and protecting epithelial cells from damage

by cytotoxic effect.

Acknowledgements

The financial support from ANPCyT (PICT-2006-00479)

to Dr G.L. De Antoni and the Consejo Nacional de

Investigaciones Cient�ıficas y Tecnol�ogicas (CONICET)

are gratefully acknowledged. Authors want to thank Cris-

tian Ortiz and Juan Ignacio Quelas for their kind assis-

tance with the freeze-drying process, and Esteban Grassi

for reviewing and correcting English grammar and

spelling.

Conflict of Interest

The authors have declared no conflict of interest.

References

Alam, M., Akhter, M.Z., Yasmin, M., Ahsan, C.R. and Nessa,

J. (2011) Local bacteriophage isolates showed anti-

Escherichia coli O157:H7 potency in an experimental

ligated rabbit ileal loop model. Can J Microbiol 57, 408–
415.

Arqu�es, J.L., Rodr�ıguez, E., Langa, S., Landete, J.M. and

Medina, M. (2015) Antimicrobial activity of lactic acid

bacteria in dairy products and gut: effect on pathogens.

BioMed Res Int 2015, 9.

Boirivant, M. and Strober, W. (2007) The mechanism of

action of probiotics. Curr Opin Gastroenterol 23, 679–692.
Bolla, P.A., Serradell Mde, L., de Urraza, P.J. and De Antoni,

G.L. (2011) Effect of freeze-drying on viability and

in vitro probiotic properties of a mixture of lactic acid

bacteria and yeasts isolated from kefir. J Dairy Res 78, 15–
22.

Bolla, P.A., Carasi, P., Bolla, M.A., De Antoni, G.L. and

Serradell, M.A. (2013a) Protective effect of a mixture of

kefir-isolated lactic acid bacteria and yeasts in a hamster

model of Clostridium difficile infection. Anaerobe 21,

28–33.
Bolla, P.A., Carasi, P., Serradell, M.D.L.A. and De Antoni, G.L.

(2013b) Kefir-isolated Lactococcus lactis subsp. lactis

inhibits the cytotoxic effect of Clostridium difficile in vitro.

J Dairy Res 80, 96–102.
Chibani-Chennoufi, S., Sidoti, J., Bruttin, A., Kutter, E.,

Sarker, S. and Brussow, H. eds. (2004) In vitro and

in vivo bacteriolytic activities of Escherichia coli phages:

implications for phage therapy. Antimicrob Agents

Chemother 48, 2558–2569.
Ching, J.C., Jones, N.L., Ceponis, P.J., Karmali, M.A. and

Sherman, P.M. (2002) Escherichia coli shiga-like toxins

induce apoptosis and cleavage of poly(ADP-ribose)

Journal of Applied Microbiology © 2016 The Society for Applied Microbiology 9

C. Dini et al. Phage and probiotics against EHEC



polymerase via in vitro activation of caspases. Infect

Immun 70, 4669–4677.
Corr, S.C., Li, Y., Riedel, C.U., O’Toole, P.W., Hill, C. and

Gahan, C.G.M. (2007) Bacteriocin production as a

mechanism for the antiinfective activity of Lactobacillus

salivarius UCC118. Proc Natl Acad Sci USA 104, 7617–
7621.

Delfederico, L., Hollmann, A., Mart�ınez, M., Iglesias, N.G., De

Antoni, G. and Semorile, L. (2006) Molecular

identification and typing of lactobacilli isolated from kefir

grains. J Dairy Res 73, 20–27.
Dini, C. and De Urraza, P.J. (2010) Isolation and selection of

coliphages as potential biocontrol agents of

enterohemorrhagic and Shiga toxin-producing E. coli

(EHEC and STEC) in cattle. J Appl Microbiol 109, 873–887.
Dini, C. and de Urraza, P.J. (2013) Effect of buffer systems

and disaccharides concentration on Podoviridae coliphage

stability during freeze drying and storage. Cryobiology 66,

339–342.
Doyle, M.P., Beuchat, L.R. and Montville, T.J. (2001) Food

Microbiology: Fundamentals and Frontiers. Washington,

DC: ASM Press.

Eutamene, H. and Bueno, L. (2007) Role of probiotics in

correcting abnormalities of colonic flora induced by stress.

Gut 56, 1495–1497.
Fedorak, R.N. and Madsen, K.L. (2004) Probiotics and

prebiotics in gastrointestinal disorders. Curr Opin

Gastroenterol 20, 146–155.
Fernebro, J. (2011) Fighting bacterial infections – future

treatment options. Drug Resist Updat 14, 125–139.
Gamage, S.D., Strasser, J.E., Chalk, C.L. and Weiss, A.A.

(2003) Nonpathogenic Escherichia coli can contribute to

the production of Shiga toxin. Infect Immun 71, 3107–
3115.

Garrote, G.L., Abraham, A.G. and De Antoni, G.L. (2001)

Chemical and microbiological characterisation of kefir

grains. J Dairy Res 68, 639–652.
Grossmann, J., Mohr, S., Lapentina, E.G., Fiocchi, C. and

Levine, A.D. (1998) Sequential and rapid activation of

select caspases during apoptosis of normal intestinal

epithelial cells. Am J Physiol 274, G1117–G1124.
Gu, J., Liu, Y., Yu, S., Wang, H., Wang, Q., Yi, Y., Zhu, F.,

Yu, X.J. et al. (2009) Enterohemorrhagic Escherichia coli

trivalent recombinant vaccine containing EspA, intimin

and Stx2 induces strong humoral immune response and

confers protection in mice. Microbes Infect 11, 835–841.
Hugo, A.A., Kakisu, E., De Antoni, G.L. and Perez, P.F. (2008)

Lactobacilli antagonize biological effects of

enterohaemorrhagic Escherichia coli in vitro. Lett Appl

Microbiol 46, 613–619.
Jandu, N., Zeng, Z.J., Johnson-Henry, K.C. and Sherman, P.M.

(2009) Probiotics prevent enterohaemorrhagic Escherichia

coli O157:H7-mediated inhibition of interferon-gamma-

induced tyrosine phosphorylation of STAT-1. Microbiology

155, 531–540.

Jankowska, A., Laubitz, D., Antushevich, H., Zabielski, R. and

Grzesiuk, E. (2008) Competition of Lactobacillus paracasei

with Salmonella enterica for adhesion to Caco-2 cells. J

Biomed Biotechnol 2008, 357964.

Johnson, S. and Taylor, C.M. (2008) What’s new in

haemolytic uraemic syndrome? Eur J Pediatr 167, 965–971.
Jones, N.L., Islur, A., Haq, R., Mascarenhas, M., Karmali,

M.A., Perdue, M.H., Zanke, B.W. and Sherman, P.M.

(2000) Escherichia coli Shiga toxins induce apoptosis in

epithelial cells that is regulated by the Bcl-2 family. Am J

Physiol Gastrointest Liver Physiol 278, G811–G819.
Kakisu, E., Bolla, P., Abraham, A.G., de Urraza, P. and De

Antoni, G.L. (2013) Lactobacillus plantarum isolated from

kefir: protection of cultured Hep-2 cells against Shigella

invasion. Int Dairy J 33, 22–26.
Karmali, M.A., Gannon, V. and Sargeant, J.M. (2010)

Verocytotoxin-producing Escherichia coli (VTEC). Vet

Microbiol 140, 360–370.
Kimmitt, P.T., Harwood, C.R. and Barer, M.R. (2000) Toxin

gene expression by shiga toxin-producing Escherichia coli:

the role of antibiotics and the bacterial SOS response.

Emerg Infect Dis 6, 458–465.
Kropinski, A.M., Mazzocco, A., Waddell, T.E., Lingohr, E. and

Johnson, R.P. (2009) Enumeration of bacteriophages by

double agar overlay plaque assay. Methods Mol Biol 501,

69–76.
Mack, D.R., Ahrne, S., Hyde, L., Wei, S. and Hollingsworth,

M.A. (2003) Extracellular MUC3 mucin secretion follows

adherence of Lactobacillus strains to intestinal epithelial

cells in vitro. Gut 52, 827–833.
Madsen, K., Cornish, A., Soper, P., McKaigney, C., Jijon, H.,

Yachimec, C., Doyle, J., Jewell, L. et al. (2001) Probiotic

bacteria enhance murine and human intestinal epithelial

barrier function. Gastroenterology 121, 580–591.
Masana, M.O., Leotta, G.A., Del Castillo, L.L., D’Astek, B.A.,

Palladino, P.M., Galli, L., Vilacoba, E., Carbonari, C. et al.

(2010) Prevalence, characterization, and genotypic analysis

of Escherichia coli O157:H7/NM from selected beef

exporting abattoirs of Argentina. J Food Prot 73, 649–656.
Matsuda, T., Freeman, T.A., Hilbert, D.W., Duff, M., Fuortes,

M., Stapleton, P.P. and Daly, J.M. (2005) Lysis-deficient

bacteriophage therapy decreases endotoxin and

inflammatory mediator release and improves survival in a

murine peritonitis model. Surgery 137, 639–646.
Medellin-Pena, M.J. and Griffiths, M.W. (2009) Effect of

molecules secreted by Lactobacillus acidophilus strain La-5

on Escherichia coli O157:H7 colonization. Appl Environ

Microbiol 75, 1165–1172.
Minnaard, J., Humen, M. and Perez, P.F. (2001) Effect of

Bacillus cereus exocellular factors on human intestinal

epithelial cells. J Food Prot 64, 1535–1541.
Oelschlaeger, T.A. (2010) Mechanisms of probiotic actions – a

review. Int J Med Microbiol 300, 57–62.
Ogawa, M., Shimizu, K., Nomoto, K., Takahashi, M.,

Watanuki, M., Tanaka, R., Tanaka, T., Hamabata, T. et al.

Journal of Applied Microbiology © 2016 The Society for Applied Microbiology10

Phage and probiotics against EHEC C. Dini et al.



(2001) Protective effect of Lactobacillus casei strain Shirota

on Shiga toxin-producing Escherichia coli O157:H7

infection in infant rabbits. Infect Immun 69, 1101–1108.
Ohland, C.L. and MacNaughton, W.K. (2010) Probiotic

bacteria and intestinal epithelial barrier function. Am J

Physiol Gastrointest Liver Physiol 298, G807–G819.
Paul, V.D., Sundarrajan, S., Rajagopalan, S.S., Hariharan, S.,

Kempashanaiah, N., Padmanabhan, S., Sriram, B. and

Ramachandran, J. (2011) Lysis-deficient phages as novel

therapeutic agents for controlling bacterial infection. BMC

Microbiol 11, 195.

Rahal, E.A., Kazzi, N., Nassar, F.J. and Matar, G.M. (2012)

Escherichia coli O157:H7-Clinical aspects and novel

treatment approaches. Front Cell Infect Microbiol 2, 138.

Romanin, D., Serradell, M., Gonz�alez Maciel, D., Lausada,

N., Garrote, G.L. and Rumbo, M. (2010)

Down-regulation of intestinal epithelial innate response

by probiotic yeasts isolated from kefir. Int J Food

Microbiol 140, 102–108.
Shu, Q. and Gill, H.S. (2002) Immune protection mediated by

the probiotic Lactobacillus rhamnosus HN001 (DR20)

against Escherichia coli O157:H7 infection in mice. FEMS

Immunol Med Microbiol 34, 59–64.

Spinale, J., Ruebner, R., Copelovitch, L. and Kaplan, B. (2013)

Long-term outcomes of Shiga toxin hemolytic uremic

syndrome. Pediatr Nephrol 28, 2097–2105.
Tanji, Y., Shimada, T., Fukudomi, H., Miyanaga, K., Nakai, Y.

and Unno, H. (2005) Therapeutic use of phage cocktail

for controlling Escherichia coli O157:H7 in gastrointestinal

tract of mice. J Biosci Bioeng 100, 280–287.
Tien, M.T., Girardin, S.E., Regnault, B., Le Bourhis, L., Dillies,

M.A., Coppee, J.Y., Bourdet-Sicard, R., Sansonetti, P.J.

et al. (2006) Anti-inflammatory effect of Lactobacillus casei

on Shigella-infected human intestinal epithelial cells. J

Immunol 176, 1228–1237.
Viscardi, M., Perugini, A.G., Auriemma, C., Capuano, F.,

Morabito, S., Kim, K.P., Loessner, M.J. and Iovane, G.

(2008) Isolation and characterisation of two novel

coliphages with high potential to control antibiotic-

resistant pathogenic Escherichia coli (EHEC and EPEC).

Int J Antimicrob Agents 31, 152–157.
Wong, C.S., Jelacic, S., Habeeb, R.L., Watkins, S.L. and Tarr,

P.I. (2000) The risk of the hemolytic-uremic syndrome

after antibiotic treatment of Escherichia coli O157:H7

infections. N Engl J Med 342, 1930–1936.

Journal of Applied Microbiology © 2016 The Society for Applied Microbiology 11

C. Dini et al. Phage and probiotics against EHEC


