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Abstract

Signal exchange between intestinal epithelial cells, microbes and local immune cells is an

important mechanism of intestinal homeostasis. Given that intestinal macrophages are in

close proximity to both the intestinal epithelium and the microbiota, their pathologic interac-

tions may result in epithelial damage. The present study demonstrates that co-incubation of

murine macrophages with E. faecalis strains producing gelatinase (GelE) and serine prote-

ase (SprE) leads to resultant condition media (CM) capable of inducing reassembly of pri-

mary colonic epithelial cell monolayers. Following the conditioned media (CM) exposure,

some epithelial cells are shed whereas adherent cells are observed to undergo dissolution

of cell-cell junctions and morphologic transformation with actin cytoskeleton reorganization

resulting in flattened and elongated shapes. These cells exhibit marked filamentous filopo-

dia and lamellipodia formation. Cellular reorganization is not observed when epithelial

monolayers are exposed to: CM from macrophages co-incubated with E. faecalis GelE/

SprE-deficient mutants, CM from macrophages alone, or E. faecalis (GelE/SprE) alone.

Flow cytometry analysis reveals increased expression of CD24 and CD44 in cells treated

with macrophage/E. faecalis CM. This finding in combination with the appearance colony

formation in matrigel demonstrate that the cells treated with macrophage/E. faecalis CM

contain a higher proportion progenitor cells compared to untreated control. Taken together,

these findings provide evidence for a triangulated molecular dialogue between E. faecalis,

macrophages and colonic epithelial cells, which may have important implications for condi-

tions in the gut that involve inflammation, injury or tumorigenesis.
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Introduction

Dynamic crosstalk between intestinal epithelial cells (IECs), the microbes that colonize their

apical surface and the surrounding local immune cells is necessary to maintain intestinal

homeostasis [1]. An imbalance in this triangulated interaction may disturb intestinal epithelial

integrity resulting in multiple downstream consequences including inflammation, oncogenesis

and the development of primary tumors into metastasis [2–4]. Evidence suggests that bacterial

derived proteases may play a primary role in this process [5]. For example, Enterococcus faeca-
lis metalloprotease GelE can directly compromise the intestinal epithelial barrier [6] and

induce inflammation through surface-associated lipoproteins [7]. Previous work from our lab-

oratory has demonstrated that E. faecalis can activate macrophage matrix metalloprotease

MMP-9 in a GelE/SprE dependent manner leading to disruption of anastomotic healing [8].

Given the close proximity of the intestinal epithelium and macrophages, here we sought to

explore whether a co-interaction between E. faecalis, a common member of the intestinal

microbiota, and macrophages can alter epithelial monolayer integrity/cell morphology. We

also sought to define the contribution of secreted proteolytic enzymes of E. faecalis, i.e GelE

and SprE, in this process.

Materials and methods

Bacterial strains

In this study were used wild type E. faecalis V583 and its derivative mutants ΔgelEΔsprE and

complemented mutants ΔgelEΔsprE/gelE+sprE provided by Lynn Hancock [8, 9]. All strains

were stored in 10% glycerol stock at −80˚C. Only cells freshly plated from stock were used in

experiments. Cells from stock were plated onto tryptic soy broth (TSB) plates, grown overnight

at 37˚C.

Co-incubation of murine macrophage with E. faecalis strains

The murine macrophage cell line J774 (J774A.1, ATCC) was cultured in DMEM (Invitrogen)

supplemented with 10% fetal bovine serum. E. faecalis strains were grown in THB for 6h to

OD600 of approximately 1.5–2. Bacterial density was then adjusted by serial dilution in THB

to OD600 = 1, which corresponds to approximately 5 × 108 cells/ml as measured by plating

10-fold serial dilutions. Before co-incubating E. faecalis strains with macrophages, 10 ml of the

macrophage suspension of 1x106 cells/ml (i.e a total macrophages cell dose of 1x107) was

seeded onto a 10mm cell culture dish. In all experiments, we used macrophages infected with

E. faecalis at low multiplicities of infection (MOI), namely, a bacterial cell suspension (100μl)

with an OD600 = 1.0 (5 × 108 cells/ml) was added to 10 ml serum free DMEM (total bacterial

cells = 5x107) and after macrophages attachment, medium was replaced on DMEM containing

E.faecalis strains. This corresponded to a MOI = 5 (5x107: 1x107). The bacterial cell density

during 1, 2, 3, 4, 5 h was measured by serial dilutions of plated bacteria. The concentration of

bacteria (CFUs) was increased approximately 3 fold following 5hrs of coincubation (S1 Fig).

After 5h of co-incubation, the conditioned medium (CM) was collected, sterilized by their fil-

tration trough 0.22 μm pore membrane, and then applied onto epithelial monolayers. For con-

trols, CM from macrophages alone and media from E. faecalis alone were used.

Cell viability assay

In order to determine if macrophage viability was compromised by co-incubation with E fae-
calis, we measured lactate dehydrogenase (LDH) release following 5 hrs of coincubation of E.

faecalis with J774 macrophages. LDH was measured using LDH assay kit (CytoTox 96 Non-
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Radio, Promega) according to the manufacturer’s instructions. The percentage of macrophage

cytotoxicity was calculated as follows: (sample absorbance-background absorbance)/(maximal

absorbance-background absorbance) x 100. Results indicated that LDH activity (% cytotoxity)

was negligible in culture supernatant of J774 macrophages co-cultured with E. faecalis WT at

MOI = 5 for 5h (S2 Fig).

Epithelial cell culture and treatment

Young Adult Mouse Colon (YAMC) cells, an immortalized cell line, were kindly provided by

Dr. Musch (University of Chicago) and cultured as described [10]. C57BL/6 mouse primary

colonic epithelial cells were obtained from Cell Biologics (US, Chicago, Cat.No C57-6047) and

grown according to company recommendations. YAMC cells were grown at 33˚C and C57BL/

6 cells at 37˚C in a humidified 5% CO2 atmosphere. We used the C57BL/6 cells at passage 3–8.

For all cell treatments, cell growth media was replaced with J774/E. faecalis CMs or with appro-

priate control CMs or with the above indicated CMs in the presence of a MMP9 inhibitor I

(10μM) (Calbiochem, Cat. # 444278). After 18 h of co-incubation the cells and their CMs were

analyzed. The percentage of spindle-shaped cells was quantified as described in legend to Fig

1. Total and live cell counts (with trypan blue) were measured using Automated Cell Counter

(Bio-Red TC20).

Fluorescence microscopy

a) For fluorescence staining, cells were fixed in 4% paraformaldehyde (PFA) for 20 min at

room temperature followed by PBS washes 3 times. Cells were stained overnight at 4˚C for epi-

thelial markers with mouse anti-E-cadherin (1:100; Novus Biological) and rabbit anti-ZO1

(1250; Invitrogen) and for mesenchymal marker vimentin with rabbit anti-vimentin (1:100;

Cell Signaling). Cells were washed three times with PBS and incubated for 1 h at room temper-

ature (RT) treated with goat anti-mouse IgG Alexa-Fluor-488 (Abcam) and donkey anti-rabbit

IgG Alexa-Fluor-488 (Invitrogen). Fluorescence of the images was quantified using the ImageJ

software and expressed as the area of ZO-1 and E-Cadherin per cell. Rhodamine phalloidin

(Cytosceleton) was used to stain the actin cytoskeleton. To detect apoptotic cells, cells were

stained with FITC-annexin for phosphatidylserine and fixed with PFA. b) Whole mount

fluorescent staining of colonies formed in matrigel was performed according to previously

described protocols [11]. Prolong Gold antifade reagent with DAPI (Invitrogen) was used for

confocal imaging. Images were obtained using Leica fluorescence microscope, SP8 laser scan-

ning confocal (Leica microsystem, Mannheim, Germany). 3D reconstructions of deconvoluted

image stacks were carried out using Imaris x64 Version 7.3.1 software (Bitplane).

Western blot

Cells were lysed with ice-cold lysis buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl. 0.5% Triton

X-100 and PMSF.) After 15 min of incubation on ice, the lysates were centrifuged at 10000

rpm for 15 min to remove debris. The supernatants (15 μl that contained ~30 μg of protein)

were boiled for 5 min with Laemmli sample buffer, electrophoresed through 10% SDS-poly-

acrylamide gels and then transferred onto PVDF membranes (Immobilon-P, Millipore). The

membranes were blocked in Tris-buffered saline containing Tween 20 (pH 7.4) and 4% non-

fat dry milk (Labscientific). Membranes were incubated with primary mouse anti E-cadherin

(Novus Biological) followed by the corresponded HRP coupled secondary antibody (Cell Sig-

nalling) and developed using ECL Western Blotting Detection Reagents (G&E Helthcare).

Densitometry analyses were performed using ImageJ software.
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Fig 1. Uniformity of morphological changes in both YAMC and C57BL/6 cells in response to conditioned media isolated

after exposure of J774 macrophages to E. faecalis (Scale bars– 100 μm). (A) Phase contrast microscopy images of primary
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Zymography assay

Zymography was performed as previously described [12] with some modification. Briefly,

7.5% SDS-PAGE gels containing 0.1% gelatin (Sigma) were prepared. The samples in SDS-

sample buffer without reducing agent and without boiling were subjected to SDS-PAGE. After

electrophoresis, gels were washed with 50 mM Tris-HCl buffer pH 7.4 containing 5 mM

CaCl2, 1 μM ZnCl2 and 2.5% Triton X-100, for 1 hr at room temp on a rotating shaker to

remove the SDS. The gels were then incubated overnight at 37˚C with 50 mM TrisHCl buffer

pH 7.4 containing 5 mM CaCl2 and 1 μM ZnCl2, and stained with 0.5% Coomassie Brilliant

Blue G-250 dissolved in 30% ethanol plus 10% acetic acid for 30 minutes. Destaining was

achieved by incubation in 30% ethanol plus 10% acetic acid. Following destaining, zones of

enzyme activity were detected as regions of negative staining.

Flow cytometry

Cells were harvested and 1X106 fixed in 2% PFA for 15 min. at room temperature, then rinsed

by FACS buffer (eBioscience) with the following antibodies or isotype control incubation for 1

h: PE/Cy7 anti-mouse CD44 (1.5:100) (BioLegend #103030), PE/Cy7 rat IgG2b (1.5:100) (Bio-

Legend #400617), eFluor 450 anti-mouse CD24 (1.25:100) (eBioscience #48-0242-82), rat

IgG2b eFluor 450 (1.25:100) (eBioscience #48–4031). Cells were washed and then re-sus-

pended in FACS buffer for analysis. Flow Cytometry data acquisition was performed at the

University of Chicago Cytometry and Antibody Technology Facility using a BD Biosciences

LSR II. Data analysis was performed using FlowJo v.10.2 software.

Matrigel colony assay

Cellular suspensions after treatment with 0.05% trypsin for 1–2 min were filtered through 30-

μm filter (Cetrics). Single cell suspensions (50 μl containing ~ 1000 cells) were mixed with 50μl

of matrigel (Matrigel Matrix, Growth Factor Reduced, #356231, Corning) and 50 μl of the cell

suspension in matrigel was plated into 1 well of Nunc 8-well chambers-slide and grown in

medium supplemented with 10% FBS. After 1 week of incubation the colonies were identified.

Treatment of mouse colon tissue explants

All animal experiments were approved by the Institutional Animal Care and Use Committee

at the University of Chicago (IACUC protocol 71744). Eight week old male C57B/L6 mice

weighing 18-22g were used. Mice were sacrificed as per the guidelines of the University of Chi-

cago Institutional Animal Care and Use Committee, using CO2 gas overdose followed by sec-

ondary cervical dislocation. The abdominal cavity was opened using aseptic technique and the

entire colon isolated from the cecum to rectum. The colon was cut into eight 5mm x 5mm

pieces which were then incubated for 6 hours with control J774 CM and J774/WT CM in repli-

cates. Following incubation, tissues were fixed in 4% paraformaldehyde, stained with the

mouse colon epithelial cells incubated with J774/E. faecalis CMs demonstrates reassembly of epithelial monolayer and morphological

changes of adherent epithelial cells when J774/E. faecalis (GelE/SprE) CMs were used for co-incubation with J774; (B) The

percentage of flattened spindle-shaped adherent epithelial cells. Four fields of phase contrast images from 3 independent

experiments were taken for total cell count. Determination of morphological changes was based on cobblestone or spindle cell shape.

The number of spindle-shaped epithelial cells in J774/WT CM and J774/ΔΔ/GS CM groups was significantly higher compared to

J774/ΔΔCM. Mean values are graphed and error bars represent standard error of the mean (SEM). Statistical analysis was

performed using the one-way ANOVA with Bonferrony adjusted p-value for multiple comparisons where *P = 0.002, **P = 0.001 and
#P = 0.001 as compared to J774/ΔΔCM, n = 3.

https://doi.org/10.1371/journal.pone.0182825.g001
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epithelial marker rhodamine labelled WGA (Vector Laboratories) and mounted in Prolong

Gold antifade reagent with DAPI.

Statistical analysis

Mean values are graphed and error bars represent standard error of the mean (SEM). Statisti-

cal analysis was performed using the one-way ANOVA with Bonferrony adjusted P value for

multiple comparisons. P value less than 0.05 was considered statistically significant.

Results and discussion

Conditioned media from J774 macrophages co-incubated with E.

faecalis GelE/SprE producing strains induced morphological and

cytoskeletal changes in primary mouse colonic epithelial cells

In present study we used E. faecalis V583 wild type (WT), its mutant deficient in the GelE/

SprE (ΔΔ), and the complemented mutant ΔGelEΔSprE/gelE+spreE (ΔΔ/GS) [8, 9]. Secretion

and functionality of GelE and SprE by E. faecalis has been described in detail from our labora-

tory [8]. Mouse macrophages (J774) were incubated with E. faecalis strains for 5 hours. Condi-

tioned medium (CM) was collected and depending on the E. faecalis strain, designed as J774/

WT, J774/ΔΔ, J774/ΔΔ/GS CMs. The sterilized CMs were applied onto two types of intestinal

cells: YAMC (young adult mouse colonic epithelium) or C57BL/6 mouse primary colonic epi-

thelial cells (generated by Cell Biologics) grown on collagen-coated plastic. In all experiments,

epithelial cells were cultured to form monolayers. After 18 hours of co-incubation of epithelial

cells with CMs, phase contrast microscopy demonstrated that J774/ WT CM and J774/ΔΔ/GS

CM induced clear reassembly of epithelial monolayers and striking morphological changes in

adherent cells characterized by mesenchymal-like morphology in both epithelial lines (Fig 1).

The images demonstrated uniformity in the morphological changes in both YAMC and

C57BL/6 cells and these changes were not observed when epithelial cells were incubated with

CM from J774 cells alone or CM from J774/ΔΔ or control media with E. faecalis alone. Trans-

formed cells adopted a spindle-shaped morphology and some cells displayed a flat polygonal

shape with multibranches (Fig 2A). Fluorescence staining of the actin cytoskeleton with rhoda-

mine phalloidin demonstrated significant alterations in actin cytoskeleton organization (Fig

2B). Adherent cells with altered morphology exhibited marked filamentous filopodia, lamelli-

podia, and stress fiber formation at the ventral cell surface with the loss of cortical actin bun-

dles. Other key cytoskeletal proteins such as vimentin also displayed reorganization. These

cells demonstrated formation of vimentin intermediate filaments (Fig 2C). Vimentin expres-

sion has been shown to correlate with mesenchymal cell shape and motile behavior [13, 14].

These results demonstrate that the interaction of macrophages with GelE/SprE producing

E. faecalis initiates dissolution of epithelial cell-cell contact with some cells undergoing cell

extrusion whereas others remain as adherent cells forming F-actin basal protrusions that

increase cell–matrix contacts- features consistent with cell migratory capacity [15–17].

Exoproducts of the Macrophage/E. faecalis CMs affect intercellular

junctions in epithelial monolayers

It is known that changes of epithelial cells morphology depend on cell-cell and cell-substrate

adhesion [18]. Cell-cell contact is maintained via intercellular junction proteins which through

connections to the actin cytoskeleton, coordinate cellular organization, maintain the integrity

of epithelial monolayer and control phenotypic transition of epithelial cells [19, 20]. Treat-

ments of epithelial cells monolayers with macrophage/E. faecalis conditioned media led to
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PLOS ONE | https://doi.org/10.1371/journal.pone.0182825 August 9, 2017 6 / 16

https://doi.org/10.1371/journal.pone.0182825


Fig 2. Morphological and cytoskeletal changes in mouse primary epithelial cells (C57BL/6) induced by conditioned media from

J774 macrophages co-incubated for 18h with E. faecalis GelE/SprE producing strains. (A) Phase contrast microscopy images of
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disruption of monolayer integrity when E. faecalis GelE/SprE producing strains were used.

Immunofluorescence of the tight junction protein ZO-1 and adherent junction protein E-cad-

herin demonstrated a reduction in their expression and a change in their distribution among

transformed cells (Fig 3A). Western blot (Fig 3B), and its densitometry analysis (Fig 3C and S3

Fig) also showed slightly decreased expression of E-cadherin in transformed cells. Previously it

has been demonstrated that MMP9 catalyzes E-cadherin ectodomain shedding [21, 22] and

contributes to epithelial mesenchymal transition. Recently we found that E. faecalis can activate

MMP9 secreted by macrophages in a GelE/SprE dependent manner [8]. In the present study,

zymography analysis demonstrated the presence of MMP9 in its active form in the resultant

conditioned media when epithelial cells were exposed to macrophage/E. faecalis (GelE/SprE)

CMs (Fig 3D). To elucidate the contribution of MMP9 on the reorganization of epithelial

monolayers in this model, an MMP inhibitor, (MMP9 inhibitor I, Calbichem) was used. MMP9

inhibition at a concentration of 10μM did not totally mitigate the spindle-shaped cell morphol-

ogy induced by CM from J774/ E. faecalis WT (S4 Fig). It is possible that we were not able to

reach an effective inhibitory dose as a higher concentration (i.e 15 μM) of the MMP9 inhibitor

is toxic to epithelial cells. Alternatively, there may be other macrophage released factors (i.e

growth factors, hormones, cytokines, etc) in combination with GelE/SprE, that could play a role

in the observed response. It has been previously reported [6] that GelE produced by E. faecalis
can compromise the epithelial barrier, however, in that study, no changes in morphotype were

observed. It is likely that the interaction between E. faecalis (GelE/SprE) and macrophages is

more important in this regard than the direct effect of GelE itself. One limitation of the present

study is that we only exposed the apical surface of epithelial cells to the conditioned media

(CM), and although this resulted in disruption of tight junctions and likely exposure of the CM

to the basal surface, the extent to which this recapitulates the in vivo situation will require fur-

ther study. A proposed model of epithelial monolayer reassembly presented on Fig 4.

We assumed that disruption of epithelial monolayer integrity begins as a process of cell

extrusion whereby detached anchorage-dependent cells undergo anoikis, which is a form of

programmed cell death. In the present work, staining of delaminated cells with trypan blue

revealed that approximately 85% of the cells were dead, whereas the adherent cells demon-

strated 98% viability. The total number delaminated cells was approximately 8.5x105 and viable

adherent cells ~5.2x105. This indicates that approximately 38% of the epithelial cells delami-

nate and 62% of cells remain adherent and viable. To examine adherent cells for signs of apo-

ptosis, epithelial cells exposed to the various macrophage/E. faecalis CMs and then were

stained with FITC-annexin V. Confocal microscopy demonstrated healthy adherent cells with

only a minor number of them displaying apoptosis after 18 h of incubation of the epithelial

monolayer with macrophage/E. faecalis CMs (S5 Fig). Studies have demonstrated that retrac-

tion of cells can trigger coordinated elongation of neighboring cells with E-cadherin being

required for both cell elongation and cell extrusion [23]. E-cadherin is often enriched in the

adherent junctions of epithelial cells and can also be present in non-junctional regions of cell–

cell contact [24]. These findings suggest that dynamic regulation of cadherins in response to

various extracellular signals controls cell sorting, cell rearrangements and cell movements [25].

Next we performed ex vivo experiments to investigate the effect of J774/WT CM on mouse

colon tissue explants. Explants were incubated for 6 hours with J774 CM and J774/WT CM

primary mouse colon epithelial cells incubated with J774/E. faecalis CMs. Representative images of 10 experiments; (B) Immunostaining

with rhodamine phalloidin for F-actin (red) and nucleus with DAPI (blue). Lamellipodia and filopodia formation are shown by white

arrowheads and yellow arrows respectively; (C) Immunostaining for vimentin. Pink arrowheads indicate intermediate vimentin filaments.

Scale bars– 20 μm.

https://doi.org/10.1371/journal.pone.0182825.g002
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Fig 3. Changes in expression and localization of epithelial cell-cell junction proteins E-cadherin and ZO-1 after 18 h

of treatment of epithelial cell monolayers with macrophage/E. faecalis CM. (A) Immunostaining for ZO-1 and E-

cadherin. Scale bars– 20 μm; Area of ZO-1 and E-Cadherin fluorescence per cell in images in J774/WT CM and J774/ΔΔ/

GS CM groups was significantly lower compared to J774 CM. Mean values are graphed and error bars represent standard
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and the apical cell surface were monitored by rhodamine wheat germ agglutinin (WGA) stain-

ing. Confocal microscopy of the luminal side of the explants demonstrated that incubation

with J774/WT CM led to epithelial cell depletion and epithelial layer reorganization in com-

parison to J774 CM alone (S6 Fig).

CD44+CD24+ cell populations are enriched in epithelial cells treated with

macrophage/E. faecalis CMs independent of GelE/SprE

In the present study, we used a primary colonic epithelial cell line, which was generated from

normal mouse colon using the epithelial selective marker EpCAM-1 (CD326) according to

information presented by the vender (Cell Biologics, Chicago, IL). Consequently, various types

of colonic epithelial cells including stem/progenitors cells could be present in this cell line.

Others have described primary colonic epithelial cell lines derived from normal human colon

biopsies with progenitors cell features and the ability for self-renewal [26]. We explored the

possibility that epithelial cells exposed to macrophage/E. faecalis CMs may have progenitor cell

characteristics. Several studies have demonstrated that CD44+CD24+ cell populations associate

with stem like behavior and the ability to self-renew [27–30]. Flow cytometry analysis for the

error of the mean (SEM). Statistical analysis was performed using the one-way ANOVA with Bonferrony adjusted p-value for

multiple comparisons where *P = 0.007, **P = 0.004 and #P<0.001 as compared to J774 CM, n = 3. (B) Representative

Western blot staining of E-cadherin in epithelial cells treated with CMs from macrophages co-incubated with E. faecalis

strains. Results are typical of three independent experiments; (C) Expression of E-cadherin in epithelial cells treated with

J774 CM and J774/ΔΔ/GS CM was significantly lower compared to J774 CM and consistent with fluorescent staining data

for E-Cdherin. Statistical analysis was performed using the one-way ANOVA with Bonferrony adjusted p-value for multiple

comparisons where *P = 0.005, **P = 0.002 as compared to J774 CM, n = 3. (D) Zymography of resulting epithelial cells

CMs demonstrating the presence of active form of metalloproteinase MMP9 upon exposure to macrophage/E. faecalis CMs

when GelE/SprE secreted strains (WT and ΔΔ/GS) were used.

https://doi.org/10.1371/journal.pone.0182825.g003

Fig 4. Proposed model of epithelial monolayer reassembly. Conditioned media from macrophages co-incubated with E.

faecalis (GelE/SprE) leads to reorganization of epithelial cells, which adopt flattened and elongated shapes. These transformed

cells exhibit marked filamentous filopodia and lamellipodia formation. Cellular reorganization is not observed when epithelial

monolayers are exposed to CM from macrophages co-incubated with E. faecalis GelE/SprE-deficient mutants, to the CM of

macrophages alone, or to E. faecalis (GelE/SprE) alone.

https://doi.org/10.1371/journal.pone.0182825.g004

Enterococcus faecalis and macrophage interaction induces morphological changes in colonic epithelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0182825 August 9, 2017 10 / 16

https://doi.org/10.1371/journal.pone.0182825.g003
https://doi.org/10.1371/journal.pone.0182825.g004
https://doi.org/10.1371/journal.pone.0182825


presence of CD44 and CD24 cell surface markers, which are encoded by clusters of differentia-

tion CD44 and CD24 genes, demonstrated that epithelial cells exposed to various macrophage/

E. faecalis CMs differ in percentage of CD44+CD24+ cells (Fig 5A). CD44+CD24+ population

are enriched in adherent cells which adopted a migrating morphology following monolayer

disruption with J774/WT CM in contrast to epithelial cells held within the monolayer after

incubation with J774, E. faecalis alone or control media. Interestingly, CD44+CD24+ cells are

also enriched for epithelial cells treated with J774/ΔΔ CM (Fig 5B). These findings offer the

possibility that the observed phenotypic changes in epithelial cells exposed to macrophage/E.

Fig 5. CD44+CD24+ population enriched in epithelial cells treated with J774/ E. faecalis CMs independently on GelE/SprE. (A) Representative

results of flow cytometry analysis using CD44 and CD24 cell markers. (B) The percentage of CD44+CD24+ cells depending on epithelial monolayers

applied CMs. Statistical analysis was performed using the one-way ANOVA with Bonferrony adjusted p-value for multiple comparisons where *P = 0.001,

**P<0.001 as compared to J774 CM, n = 3.

https://doi.org/10.1371/journal.pone.0182825.g005
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Fig 6. C57/J774/WT cells form distinct type of colonies in matrigel. (A) Phase contrast images of colonies

originated from a single cell suspension of adherent C57/J774/WT cells after 6 days growth in 3D matrigel. (B)

Dynamic growth one colony in 3D matrigel by days; (C) Phase contrast images demonstrate different type of

colonies as round colonies (upper panel) and colonies with branching (lower panel). (D, E) Reconstructed 3D

images of single colonies stained for F-actin (phalloidin, red) and nuclei (DAPI, blue). Images demonstrate (D)
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faecalis CM is probably not GelE/SprE dependent, yet at the same time, disruption of mono-

layer integrity is strongly dependent on GelE/SprE. Our findings suggest that, following dis-

ruption of the monolayers, progenitor cells undergo morphological transformation and

acquire a migrating phenotype. However, we cannot exclude the possibility that non-stem epi-

thelial cells acquire a migrating phenotype with stem like characteristics.

Single epithelial cells C57/J774/WT form distinctly shaped self-

organizing cysts in matrigel

To test the functionality of transformed cells to self-renew, a single-cell suspension of adherent

cells following detachment with trypsin and filtration were embedded onto 3-D matrigel. Cells

were grown in serum-supplemented media in the absence of feeder layers to assess for their

multipotent capacity. After 6 days, cells were observed to give rise to multicellular structures in

the matrigel (Fig 6A). The typical growth of one self-organizing cyst following 6 days is shown

in Fig 6B. These results indicate that formation of various types of multicellular structures (Fig

6C) such as compact (upper panel) or with branching chains of cells extensions invading into

the matrigel (lower panel) can be observed under these experimental conditions. To assess the

spatial organization of multicellular structures in the 3D culture, F-actin staining was per-

formed. Results of the 3D projected images demonstrated the presence of branching chains of

cells (Fig 6D) and the presence of actin-rich cellular protrusions (Fig 6E). Quantification of

multicellular structures growing in matrigel demonstrated that C57cells treated with J774/WT

CM give rise to a higher number of colonies compared to untreated cells (Fig 6F).

In summary, results from the series of experiments in this study demonstrate that the inter-

action of the commensal bacteria E. faecalis and macrophages results in a conditioned media

(CM) that causes reassembly of epithelial monolayers and promotes epithelial cells to express a

migrating phenotype. Such reorganization of epithelial monolayers by the macrophage/E. fae-
calis CM suggests that cell migration following monolayer disruption may give rise to self-

organizing cyst formation. These findings may have important implications for inflammatory,

injured and malignant conditions of the intestine.

Supporting information

S1 Fig. E. faecalis WT strain growth in co-culture with J774 macrophages at MOI = 5 dur-

ing 1-5h. After 5h of incubation with macrophages, CFUs of E. faecalis WT were increased 3

fold. CFUs were determined by plating samples by serial dilution. Data are combined from 2

independent experiments; mean values are graphed and error bars represent standard error of

the mean (SEM).

(PDF)

S2 Fig. LDH activity is negligible following infection of J774 macrophages with E. faecalis
WT at MOI = 5 for 5h. LDH positive control (Promega) for cell death. Data are combined

from 3 independent experiments; mean values are graphed and error bars represent standard

error of the mean (SEM).

(PDF)

cellular extensions and (E) actin-rich cellular protrusions. (F) Epithelial cell suspension in matrigel (50 μl containing

~ 500 cells) was plated into 1 well of an 8-well camber-slide and grown in medium supplemented with 10% FBS.

After 1 week of incubation, the colonies were identified. C57cells treated with J774/WT CM give rise to higher

number of colonies compared to untreated cells. Statistical analysis was performed using the one-way ANOVA

where *P = 0.023 as compared to untreated C57 cells, n = 3.

https://doi.org/10.1371/journal.pone.0182825.g006
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S3 Fig. Western blot data from 3 independent experiments to identify E-cadherin in cells

after 18 h treatment of epithelial cell monolayers with macrophage/E. faecalis CM.

(PDF)

S4 Fig. MMP9 inhibitor I (Calbiochem) does not completely abrogate morphological

changes initiated by J774/WT CM in C57 epithelial cells. (A) Phase contrast microscopy of

epithelial cells treated by J774/WT in presence (10μM) or absence of MMP9 inhibitor I. (B)

The percentage of spindle-shaped cells in C57/B6 cells treated by J774/WT with or without

MMP9 Inhibitor I. The difference between J774/WT versus J774/WT + MMP9 inhibitor I was

not statistically different. Statistical analysis was performed using the one-way ANOVA where
�P = 0.078 as compared to J774/WT CM, n = 3.

(PDF)

S5 Fig. Adherent epithelial cells do not undergo apoptosis in response to conditioned

media from J774 macrophages exposed to the various E. faecalis strains. Confocal images of

epithelial cells stained for apoptosis with annexin V (green) after 18 h of incubation with J774/

E. faecalis CMs. Nuclei stained with Hoechst 33342 (blue).

(PDF)

S6 Fig. Incubation of colon tissue explants with J774/WT CM leads to depletion of epithe-

lial cells and reorganization of the luminal side of tissues. Colon tissue explants stained with

the epithelial marker rhodamine labelled WGA (red) and nuclei stained with DAPI (blue)

after incubation for 6 h with (A) control J774 CM and (B) J774/WT CM.

(PDF)
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