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Abstract
Background We previously showed that supernatants of
Lactobacillus biofilms induced an anti-inflammatory
response by affecting the secretion of macrophage-derived
cytokines, which was abrogated upon immunodepletion of
the stress protein GroEL.
Methods We purified GroEL from L. reuteri and analysed
its anti-inflammatory properties in vitro in human macrophages isolated from buffy coats, ex vivo in explants from
human biopsies and in vivo in a mouse model of DSS
induced intestinal inflammation. As a control, we used
GroEL purified (LPS-free) from E. coli.
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Results We found that L. reuteri GroEL (but not E. coli
GroEL) inhibited pro-inflammatory M1-like macrophages
markers, and favored M2-like markers. Consequently, L.
reuteri GroEL inhibited pro-inflammatory cytokines
(TNFa, IL-1b, IFNc) while favouring an anti-inflammatory
secretome. In colon tissues from human biopsies, L. reuteri
GroEL was also able to decrease markers of inflammation
and apoptosis (caspase 3) induced by LPS. In mice, we
found that rectal administration of L. reuteri GroEL (but
not E. coli GroEL) inhibited all signs of haemorrhagic
colitis induced by DSS including intestinal mucosa
degradation, rectal bleeding and weight loss. It also
decreased intestinal production of inflammatory cytokines
(such as IFNc) while increasing anti-inflammatory IL-10
and IL-13. These effects were suppressed when animals
were immunodepleted in macrophages. From a mechanistic
point of view, the effect of L. reuteri GroEL seemed to
involve TLR4, since it was lost in TRL4-/- mice, and the
activation of a non-canonical TLR4 pathway.
Conclusions L. reuteri GroEL, by affecting macrophage
inflammatory features, deserves to be explored as an
alternative to probiotics.
Keywords GroEL  Colonic inflammation  Macrophages 
Probiotics  IBD (inflammatory bowel disease)

Introduction
Inflammatory bowel diseases (IBD), whether in the form of
Crohn’s disease or ulcerative colitis, usually exhibits significant chronic colonic inflammation that is under the
control of immune cells located in the lamina propria
[1, 2]. In this environment, immune cells are in contact
with billions of bacteria [3, 4]. This complex community of
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microorganisms, known as the gut microbiota, is sometimes called the ‘‘forgotten organ’’ [5], since it has a true
impact (that may be positive or negative) on the intestinal
inflammatory response, and thus, on the host’s health [6].
Among these microorganisms, probiotics exert positive
effects by reinforcing the intestinal barrier of the host, by
preventing the colonization of pathogenic bacteria and by
modulating the activity of the intestinal immune system
both at cellular and molecular levels [7]. Lactobacillus
species are the most widely studied probiotics. Among
them, L. reuteri has been associated with a beneficial effect
in the context of intestinal inflammation in experimental
mouse models [8, 9], as well as also in humans. Indeed, a
clinical study showed that rectal infusion of L. reuteri
strains was able to decrease mucosal inflammation by
reducing expression of IBD-related cytokines [10].
Macrophages are the first line of defense against
pathogens. During IBD onset, macrophages, sustained by
local inflammatory signals, switch into the pro-inflammatory (M1-like) phenotype producing inflammatory cytokine
such as TNF-a [11]. These cells have, therefore, a key role
in the establishment of chronic intestinal inflammation
observed in IBD, especially since the intestine is the body
area that contains the largest number of macrophages [12].
We previously showed that the supernatant of L. reuteri
had anti-inflammatory properties by its ability to inhibit the
production of TNF-a by monocytic cells, and this ability
was suppressed by immunodepletion of GroEL (the bacterial counterpart of mammalian Heat Shock Protein-60)
[13].
GroEL is a chaperonin group I protein also known as
chaperonin 60 (Cpn60) [14]. This protein is essential for
bacterial survival [15], and it is used by cells to cope with
different sorts of stress such as heat, chemical or oxidative
stress. GroEL function was initially described to be limited
to the intracellular compartment, because of its role as a
molecular chaperone in protein folding [16]. However, it is
now established that GroEL is a special member of the
moonlighting proteins group [15]. GroEL can be actively
secreted by bacteria (both Gram positive and negative) and
acts as an extracellular signalling molecule, thereby influencing the immune system of the host [17, 18]. The term
chaperokine has been advanced to describe these
immunoregulatory interactions [19]. In this work, we
explored in vitro (primary cultures of human macrophages), ex vivo (human colon explants from biopsies) and
in vivo (dextran sodium sulfate or DSS treated mice)
models the anti-inflammatory properties of Lactobacillus
reuteri (L. reuteri) GroEL.
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Materials and methods
Production, purification of L. reuteri GroEL and its
mutants
L. reuteri GroEL (Uniprot: A0A0U5JTB5), codon-optimized for E. coli, was sub-cloned in a pD454-GST
(DNA2.0, California, USA) using BamH1 and XbaI as
restriction enzymes. Each L. reuteri GroEL mutant, for
which one of the domains (apical, intermediate, or equatorial domains) has been deleted, was subcloned using
couples of primers described in Supplementary Table 1 and
the Q5 Site-Directed Mutagenesis Kit #E0554S. BL21
(DE3) cells were transformed as recommended by supplier
(ThermoFisher Scientific). Cells were then resuspended in
SOC (Super Optimal broth with Catabolite repression)
medium during 1 h and plated overnight onto ampicillin
(100 lg/ml) plus chloramphenicol (20 lg/ml) lysogeny
broth (LB) agar. Resistant clones were then sequenced by
GeneArt using T7-prom/T7-ter primers and used for protein expression. Transformed BL21 (DE3) cells were
grown at 37 °C in LB medium supplemented with antibiotics (i.e. ampicillin 100 ll/ml and chloramphenicol 20 lg/
ml). Once optical density reached 0.6–0.8, IPTG at 1 mM
final (I6758, Sigma-Aldrich) was used to induce expression
of L. reuteri GroEL or mutants, during 6 h at 37 °C. Cells
were then harvested by centrifugation during 10 min at
4000 g at 4 °C. The pellet was resuspended in a lysis buffer
(PBS or phosphate-buffered saline, pH 7.3, EDTA 1 mM,
PMSF 1 mM, Glycérol 10% (w/v)), frozen/thawed at -80/
37 °C and sonicated on ice (30 s of pulse, 30 s of rest,
repeated 6 times) (4C15, BRANSON). GST-TEV cleavage
site-GroEL (or mutants) was then harvested by centrifugation at 14.000 g, 30 min at 4 °C.
Supernatant containing protein was mixed with a PBS
pre-equilibrated GST-Trap resin (GE Healthcare). GSTTrap resin was washed three times prior TEV digestion.
GST-TEV cleavage site-GroEL (or mutants) was then
digested on GST-Trap resin, in a 50 mM Tris 50, pH
8.0 ? 1 mM dithiothreitol buffer using 20:1 ratio of
Protein:Tobbaco Etch Virus protease (6His-TEV, Genescript) overnight at 4 °C (to eliminate the GST-tag). GSTtrap resin was then pelleted during 5 min at 500 g.
Supernatant containing L. reuteri GroEL (or mutants) and
6His-TEV was collected and loaded onto a pre-equilibrated
PBS ? Imidazol 10 mM (Sigmal-Aldrich) HP HisTrap
column (GE Healthcare). L. reuteri GroEL (or mutants)
protein was not retained contrary to the 6his-TEV. Traces
of imidazol were then removed by 3 consecutive dialysis of
2 h, at 4 °C. The absence of lipopolysaccharide (LPS) was
quantified by a chromogenic LAL assay (QCL-1000,
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Lonza, Bale, Switzerland) and LC–MS (EndoQuant,
Welience, Dijon, France) as already reported [20].
Biological and chemical compounds
L. reuteri GroEL (MBS-1088001-1Y) and E. coli GroEL
(ADI-SPP-610-F, LPS-free) were produced by MyBioSource and Enzo, respectively. GM-CSF or granulocyte
macrophage colony stimulating factor (130-093-866),
M-CSF or macrophage colony stimulating factor (130-096492) and IL-4 (130-093-921) were purchased from Miltenyi Biotec. LPS (L2880) from E. coli O55:B5 was purchased from Sigma-Aldrich and DSS (160110) from MP
Biomedicals.
Peripheral blood mononuclear cells (PBMCs)
isolation and human macrophages culture
To isolate PBMCs, 35 ml of blood (two-fold diluted in
PBS) from healthy donors (Etablissement Français du
Sang, Besançon, France) were deposited on a Ficoll solution (17-1440-02, GE Healthcare) and centrifuged (800g,
30 min, at room temperature, RT). PBMCs (located on the
white upper ring), washed twice with PBS, were layered on
Percoll solution [21] (P1644, Sigma-Aldrich) and centrifuged (550g, 30 min, RT). PBMCs were recovered and
washed with PBS before being seeded on 6- or 12-well
plates (106 or 5 9 105 cells per well, respectively) in 1 ml
of RPMI (L0500-500, Dominique Dutscher) 10% FBS.
PBMCs were then incubated (37 °C, 5% CO2) and differentiated during 7 days into macrophages with a GM-CSF
or M-CSF (100 ng/ml). Differentiated human macrophages
were then washed and treated in a OPTI-MEM milieu
(51985-026, Gibco) with L. reuteri or E. coli GroEL (0.1 or
1 ng/ml), LPS (100 ng/ml) or IL-4 (20 ng/ml).
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RNA isolation and quantitative real-time PCR
Total RNA of human macrophages or intestine from the
different DSS-treated mice were extracted using TRIzol
reagent (15596018, ambion) according to the manufacturer’s instructions. After extraction, RNA concentration
was determined using NanoDrop 2000 Spectrophotometer
(ThermoScientific) and 500 ng of mRNA was converted
into cDNA with Maxima First Strand cDNA Synthesis Kit
(K1641, ThermoScientific). cDNA transcripts levels were
assessed using StepOnePlusTM Real-Time PCR System
(Applied Biosystems) apparatus, the Maxima SYBR
Green/ROX qPCR Master Mix (K0222, ThermoFisher
Scientific) and the specific primers (Supplementary
Table 2).
Cytokine quantification
Human TNF-a, IL-1b, and IL-10 were determined by
ELISA according to the manufacturer’s instructions
(DY210, R&D Systems; BMS224-2 and BMS215-2,
ThermoFisher).
Western blot
Proteins were fractionated by SDS-PAGE and transferred
to a polyvinylidene difluoride membranes. These membranes were incubated with primary antibodies anti-IL-1b
(ab2105, abcam), anti-TRAF6 (ab40675, abcam), anti-p-cJun (ab32385, abcam), anti-p-IjBa (ab97783, abcam),
anti-TRIF (ab139281, abcam) or anti-p-IRF3 (ab76493,
abcam) overnight at 4 °C before being incubated with
horse radish peroxidase-coupled IgG antibody (111-035144, Jackson ImmunoResearch) for 1 h at RT.
Immunofluorescence

Explant culture of human colons
Human colons were prepared as described [22, 23].
Treatments were performed in a final volume of 100 ll
with GroEL from L. reuteri or E. coli (1 ng) and/or with
LPS (100 ng/ml).
Flow cytometry
After treatment, human macrophages were recovered by
scratching in PBS, centrifuged (1500 rpm, 10 min, 4 °C)
and incubated with anti-HLA-DR (551375, BD Pharmingen) or anti-CD206 (551135, BD Pharmingen) flurochrome-coupled antibodies in a PBS 2% bovine serum
albumin (BSA) solution (20 min, 4 °C, in dark) before
being analyzed in a LSRII flow cytometer (Becton
Dickinson).

123

Macrophages were fixed in 4% paraformaldehyde (PFA)
solution (10 min, RT), permeabilized in cold methanol
(10 min, -20 °C), blocked in a 3% BSA TBS-T solution
(1 h, RT) before being incubated with primary antibodies
anti-p-STAT1 (9177S, Cell Signaling Technology) or antic-Myc (ab32072, abcam) overnight at 4 °C and then with
Alexa Fluor 488-coupled secondary antibodies (A11034,
invitrogen) for 1 h at RT. Nuclear staining was performed
using ProLong (P36931, invitrogen) and microscopy images were taken on a Nikon epifluorescence microscope
(E400, Eclipse) and analyzed with Fiji software.
Immunohistochemistry
Murine and human colon samples were embedded in
paraffin or optimal cutting temperature (OCT),
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Fig. 1 L. reuteri GroEL treatment prevents M1 polarization of human
macrophages in an LPS-induced inflammatory context. PBMCs were
isolated from buffy coats and treated for 7 days with GM-CSF
(100 ng/ml). The macrophages were then incubated or not with
GroEL (WT or deletion mutants) for 1 h before being treated with
LPS (100 ng/ml, 24 h). HLA-DR marker was measured by FACS

(n = 4) in macrophages treated with GroEL (1 ng) from L. reuteri or
E. coli (a) or in macrophages treated with GroEL from L. reuteri
(1 ng) or deletion mutants (1 ng) (b). (c) p-STAT1 expression was
assessed by immunofluorescence. (d) Relative quantification of
p-STAT1 expression per cell, considering LPS condition as positive
control (100%), n = 4. *p \ 0.05, ns not significant

respectively, and cut into 0.5-lm sections. Paraffin-embedded samples were stained with hematoxylin and eosin.
OCT-embedded samples were fixed in PFA (10 min, RT),
blocked and permeabilized in PBS, 1% BSA, 0.1% saponin
(10 min, RT), before being incubated with primary antibodies anti-p-STAT1 (9177S, Cell Signaling Technology),
anti-cleaved caspase 3 or CC3 (9661S, Cell Signaling
Technology) and anti-NOX2 (ab80508, abcam) overnight
at 4 °C and then with Alexa Fluor 488-coupled secondary
antibodies for 30 min at RT and nuclear staining was
performed using. Microscopy images were taken on an
Axio Imager 2 microscope (Carl Zeiss Microscopy GmbH)
equipped with an Apotome 2 module and analyzed with
Fiji software.

Animal procedures
BALB/c mice were purchased from Charles River. Mice
were kept on a reverse 12-h light/dark cycle, with food and
water provided ad libitum. All experiments performed in
mice were done in compliance with institutional policies
and with the agreement of the Comité d’Ethique de
l’Expérimentation Animale (C2EA) from Dijon (no. 9477).
DSS-induced colitis model: 8 weeks old BALB/c mice
were given 3.5% DSS in drinking water for 6 days. Every
day, mice were weighed, stool consistency was evaluated,
and rectal bleeding was determined. Intra-rectal administration of L. reuteri GroEL (1 ng per 10 ll of PBS) or PBS
(10 ll) was performed in mice anesthetized with
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Fig. 2 L. reuteri GroEL treatment promotes M2-like features in
human macrophages. PBMCs were isolated from buffy coats and
differentiated into pro-M2-like macrophages after 7-days treatment
with M-CSF (100 ng/ml) and then incubation with or without IL-4
(20 ng/ml) or L. reuteri GroEL (0.1 or 1 ng/ml). a CD206 expression
in the macrophages was assessed by flow cytometry after treatment
with L. reuteri GroEL or IL-4 for 48 h (n = 4). b STAT6 and c-Myc

transcripts (n = 5) in human macrophages were quantified by RTqPCR after treatment with L. reuteri GroEL or IL-4. c Immunofluorescence of c-Myc in human macrophages following treatment with
L. reuteri GroEL or IL-4 for 48 h. d Quantification of c-Myc
expression per cell considering IL-4 condition as positive control
(100%), n = 4. *p \ 0.05, ***p \ 0.001, ****p \ 0.0001

isoflurane. Mice received a total of 4 intrarectal treatments,
from day 0 to day 4. Macrophage-depleted mice (MDM)
received 4 injections of F4/80 antibody (250 lg, BE0206,
BioXCell) during the week preceding DSS-treatment.

which contains fat and mesenchyme, discarded. Collagenase type 1 (50 units/ml, LS004194, Worthington), type 2
(30 units/ml, LS004174, Worthington), type 4 (50 units/ml,
LS004186, Worthington) and DNAse I (0.05%, DN25100MG, Sigma Aldrich) were added during 30 min at
37 °C under agitation (200 rpm). Digested tissue was disrupted by trituration around 10 times (until a uniform
appearance is obtained) with a pipette and passed through a
30 lM cell strainer (130–098-458, Miltenyi Biotec) before
being centrifuged (400 rpm, 5 min, RT) and washed in
PBS. Cells were then incubated with anti-CD45 (564279,
BD Pharmingen), anti-CD11b (561098, BD Pharmingen)
and anti-F4/80 (123117, BioLegend) flurochrome-coupled
antibodies in a PBS 1% PFA solution (30 min, 4 °C, in

Dissociation of mice colons and flow cytometry
labelling
Longitudinally cut mice colons were washed 3 times with
HBSS (Hank’s Balanced Salt Solution). Supernatant was
discarded carefully with a pipette. Washed tissue was then
minced into less than 1 mm square pieces using surgical
scissors in a Petri dish containing 5 ml of HBSS. Minced
tissue was then transferred to a new 15 ml falcon tube and
centrifuged (400 rpm, 10 min, RT) and the supernatant,
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b Fig. 3 L. reuteri GroEL treatment inhibits inflammatory cytokines.

PBMCs were isolated from buffy coats and differentiated into proM1-like macrophages after 7 days exposure to GM-CSF (100 ng/ml).
The macrophages were then incubated or not with L. reuteri GroEL
(0.1 or 1 ng/ml) for 1 h before being treated with LPS (100 ng/ml,
24 h). a TNF-a transcript quantification determined by RT-qPCR
(n = 4). b TNF-a secretion was assessed by ELISA in the
macrophage’s supernatant. LPS condition was considered as the
positive control (100%), n = 6. c IL-1b transcript quantification by
RT-qPCR (n = 4). d IL-1b secretion was assessed by ELISA in the
macrophage’s supernatant. LPS condition was considered as the
positive control (100%), n = 6. e IL-1b produced by human
macrophages after treatment with LPS and/or L. reuteri GroEL was
assessed by Western blot. Lower panel, relative quantification of IL1b by densitometry, n = 4. f IFN-c transcripts determined by RTqPCR (n = 4). g IFN-c secretion assessed by ELISA in the
macrophage’s supernatant. LPS condition was considered as the
positive control (100%), n = 6. h IL-10 transcripts (n = 4) quantified
by RT-qPCR after treatment with LPS for 48 h and/or L. reuteri
GroEL. i IL-10 secretion was assessed by ELISA in the macrophage’s
supernatant. LPS condition was considered as the positive control
(100%), n = 6. *p \ 0.05, **p \ 0.01, ***p \ 0.001, ns not
significant

dark) before being analyzed in a LSR Fortessa cytometer
(BD Pharmingen).
Statistics
Statistical analyses were performed using Mann–Whitney
test in GraphPad Prism 7 sofware (San Diego, CA, USA).
All statistical tests were two-tailed with 95% confidence
intervals and difference between conditions was considered
significant if p \ 0.05. Data are displayed as
means ± S.E.M.
Study approval
Patient consent
Patients’ samples were obtained from the University
Hospital of Dijon (France). The study was conducted in
accordance with the Declaration of Helsinki with an
approved written consent form for each patient (CPP ESTI:
2014/39; No. ID: 2014-A00968-39), and approval was
obtained from the local ethics committee.
Ethics approval
All experiments on mice were approved by the Comité
d’Ethique de l’Expérimentation Animale (C2EA) from
Dijon (no. 9477).
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Results
GroEL from L. reuteri inhibits human macrophage
pro-inflammatory M1-like markers
To study the effect of GroEL on macrophages, we purified
GroEL from L. reuteri supernatants (Supplementary
Fig. S1a and S1b) and, as a control, GroEL from E. coli,
negative for LPS as measured by liquid chromatography
(EndoQuant) and LAL assay. Both proteins, which share
only 58% homology (Supplementary Fig. S1c) had a similar chaperone activity when tested in a refolding luciferase
test in vitro (adapted from Gozzi et al. [24]). To study the
effect of GroEL on M1-like features, human PBMCs were
treated with GM-CSF and then activated or not with LPS,
in the presence or absence of GroEL. LPS induced an
increase in the M1 marker HLA-DR as expected (Fig. 1a)
and treatment with L. reuteri GroEL, but not GroEL from
E. coli, prevented this increase (Fig. 1a). In contrast to
wild-type L. reuteri GroEL, mutants in which one of the
three domains of GroEL was deleted (i.e. equatorial,
intermediate or apical [25]) did not have this anti-M1
activation effect (Fig. 1b, Supplementary Fig. S1a and
S1b). These results indicate that the whole protein might be
needed. As shown in Fig. 1c, d, L. reuteri GroEL also
inhibited other M1 markers induced by LPS, p-STAT1, in a
dose-dependent manner.
GroEL from L. reuteri promotes human
macrophage M2-like polarization
We next assessed the effect of L. reuteri GroEL on M2-like
polarization. Human PBMCs were treated with M-CSF and
either with IL-4 (positive control for M2-like macrophage
activation) or with GroEL from L. reuteri or from E. coli
(two doses: 0.1 and 1 ng/ml). We first measured expression
of the CD206 marker by FACS analysis and showed that
GroEL from L. reuteri, but not from E. coli, increased its
expression (Fig. 2a). Other M2 markers such as STAT6 or
c-Myc were also increased by L. reuteri GroEL (Fig. 2b–
d). Taken together, these observations led us to hypothesize
that L. reuteri GroEL while blocking M1-like phenotype in
human macrophages, promotes the M2-like phenotype.
Impact of L. reuteri GroEL on human macrophage
secretome
We next studied the effect of L. reuteri GroEL on proinflammatory and anti-inflammatory cytokines released by
human macrophages in an LPS-induced inflammatory
context. In line with our previous results, we found that L.
reuteri GroEL treatment (0.1 and 1 ng/ml) induced a dose-
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Fig. 4 Effect of GroEL on human colon explants in an LPS-induced
inflammatory context. Surgically removed healthy colon margins
were treated with L. reuteri or E. coli GroEL (1 ng) for 1 h before
adding LPS for 15 h (100 ng/ml). a Immunofluorescence of p-STAT1
in human colon tissues. b Relative quantification of p-STAT1

expression per cell, LPS alone considered as positive control
(100%), n = 4. c Immunofluorescence of CC3 in human colon tissues
following treatment with LPS and/or GroEL from L. reuteri or from
E. coli. d Relative quantification of CC3 expression (n = 4)
(*p \ 0.05, ns not significant)

dependent decrease in the pro-inflammatory cytokines
TNF-a, IL-1b and IFNc (Fig. 3a–g), and increased the antiinflammatory cytokine IL-10 (Fig. 3h,i), both gene
expression (RT-qPCR) and secretion (ELISA).

experimental conditions based on the work of Tsilingiri
et al. [22]. In our setting (Supplementary Fig. 2a), we
managed to completely preserve the intestinal mucosa
structure with no apoptosis detected for up to 36 h (Supplementary Fig.2b). Explants were treated or not with LPS
(100 ng/ml) for 15 h in the presence or absence of GroEL
(1 ng), either from L. reuteri or from E. coli, as a control.
Immunofluorescence microscopy assays showed that, in
the presence of L. reuteri GroEL, there was a decrease both
in p-STAT1 (Fig. 4a,b) and caspase 3 (Fig. 4c,d). Probably
as a consequence of its effect in macrophages phenotypic
features, L. reuteri GroEL decreased in a dose-dependent
manner LPS-induced reactive oxygen species (ROS)

Effect of L. reuteri GroEL on colon explants
from human biopsies
We then went on to assess the effect of GroEL in an
ex vivo model based on human colon biopsies. To set up
this explant model that would enable us to work on surgically removed healthy colon margins from colorectal
cancer patients, we first determined the optimal
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Fig. 5 L. reuteri GroEL treatment reduces colonic inflammation in
mice. a BALB/c mice received daily intrarectal administration of L.
reuteri GroEL (1 ng), E. coli GroEL (1 ng) or PBS until the fourth
day. DSS (3.5%) was placed in BALB/c drinking water. Five animals
per group, (3 independent experiments). b Mice were weighed every
day and percentages of weight loss were graphed. c DAI was
calculated daily. DAI is based on weight loss, rectal bleeding and
stool consistency. d Macroscopic score was calculated on the day of

sacrifice. This score is based on rectal bleeding intensity, appearance
or not of rectal prolapse, intensity of diarrhea, and colonic bleeding.
*p \ 0.05, **p \ 0.01, ns not significant. e Representative histological sections of mouse colonic mucosa after HE staining from the
three different groups of treated mice. Lower panels show a
magnification of the square in the upper panels. Arrows indicate
crypts. The number of colonic crypts from histopathology slides
(n = 5) is indicate

production, as shown both in colon explants and in cultured
macrophages by the expression of both the ROS marker
dihydroethidium (DHE) (Supplementary Fig. S3a) and
NOX2 (Supplementary Figs. S3b-S3d).

mice for 6 days [26]. Mice were also treated intrarectally
daily with L. reuteri GroEL or, as controls, with the same
concentration of E. coli GroEL, or just the solvent, PBS
(Fig. 5a). The weight of the animals and disease activity
index (DAI) were recorded daily. At the end of the
experiment, mice were sacrificed, their colon was recovered, and a macroscopic score was assessed. L. reuteri
GroEL-treated mice lost significantly less weight than
control-treated mice (both E. coli GroEL- and PBS-treated
animals, Fig. 5b). Moreover, throughout the experiment,
we observed a substantial reduction in DAI in L. reuteri

Effect of L. reuteri GroEL on an in vivo murine
model of intestinal inflammation
We next tested the effect of GroEL in a rodent model in
which intestinal inflammatory colitis was triggered by
administration of DSS in the drinking water of BALB/c
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GroEL-treated mice compared to the control groups b Fig. 6 Macrophages are a target in L. reuteri GroEL’s effect in mice
preventing DSS-induced colon inflammation. a Animals (5 animals
(Fig. 5c). This DAI is based on weight loss, rectal bleeding,
per group, n = 2) were immunodepleted in macrophages (MDM),
and stool consistency [27] (Supplementary Table 3). In
previous treatment with DSS and L. reuteri GroEL, as in Fig. 5.
addition, a fivefold decrease in macroscopic score was
b Monocytic cells were quantified in a scil Vet abc PlusTM
hematology
analyzer. c Mice were weighed every day and percentnoted in L. reuteri GroEL-treated mice, compared to E. coli
ages
of
weight
loss were graphed. d DAI was calculated daily.
GroEL or PBS-treated mice (Fig. 5d). This score is based
e Representative histological sections of mouse colonic mucosa from
on rectal bleeding intensity, appearance or not of rectal
the different groups of DSS-treated animals. Lower panels show a
prolapse, diarrheal intensity and colonic bleeding [28]
magnification of the square in the upper panels. Arrows indicate
crypts. The number of colonic crypts from histopathology slides
(Supplementary Table 4). Furthermore, L. reuteri GroEL
(n = 5) is indicated. f The percentage of macrophages (CD45?administration made it possible to maintain mucosal
CD11b?F4/80?) in the colon of the different groups of DSS-treated
integrity observed by a high number of crypts maintained
animals was determined by FACS. *p \ 0.05, **p \ 0.01, ns = not
(Fig. 5e), whereas the control mice (both E. coli GroELsignificant. g IL-13, IL-10 and IFN-c (n = 4) transcripts quantified by
RT-qPCR in colonic biopsies from the different groups of DSSand PBS-treated animals) showed degraded intestinal
treated mice (5 animals per group, n = 2)
mucosa induced by DSS (loss of intestinal crypts, Fig. 5e).
In accordance with our previous results, L. reuteri
GroEL lost its ability to prevent DSS-induced colitis (body
weight loss, rectal prolapse/bleeding and intestinal mucosa
canonical anti-inflammatory cascade. As expected, these
degradation/loss of intestinal crypts) when animals were
effects of LPS and GroEL were absent in the presence of an
immunodepleted in macrophages (MDM) with an anti-F4/
LPS antagonist or the TLR4-inhibitor TAK-242 (Fig. 7d).
80 antibody (Fig. 6a–e). At the end of the experiment, mice
from the different DSS-treated groups were sacrificed, their
colon recovered and the number of macrophages (F4/80?)
Discussion
analyzed by FACS. Treatment with L. reuteri GroEL
provoked a decrease in the percentage of macrophages in
Experimental data show that probiotics such as Lactothe colon (Fig. 6f). Gene expression analysis in the intesbacillus strains have beneficial effects against colonic
tine from the different DSS-treated mice revelated an
inflammation. However, probiotics administered can be
increase in the anti-inflammatory cytokines IL-10 and ILrapidly eliminated without adhering to the intestinal
13 and a decrease in the pro-inflammatory cytokine IFNc
epithelium. An alternative to the administration of probi(Fig. 6g). This effect was no longer observed in the aniotics would be the direct use of the probiotic’s active
mals in whom macrophages had been immunodepleted
compounds. Our study demonstrates that GroEL, a secreted
(Fig. 6f, g). These results, together with our previous data,
stress protein, might be one such compound. Treatment
suggest that macrophages are a target of L. reuteri GroEL
with L. reuteri GroEL (but not LPS-free GroEL purified
in vivo.
from E. coli) prevented hemorrhagic colitis induced by
DSS in mice, whereas this effect was not present in macL. reuteri GroEL affect the toll-like receptor 4
rophage immunodepleted mice. The colitis-induced DSS
(TLR4) non-canonical pathway
model is particularly interesting for this kind of study, as it
has been reported to implicate primarily innate immune
From a mechanistic point of view, the anti-inflammatory
cells [30]. The involvement of macrophages in the antifunction of L. reuteri GroEL may involve the TLR4, since
inflammatory properties of L. reuteri GroEL was studied
GroEL protective effect in DSS-induced colitis was lost in
here in primary human cultures, where we showed that L.
mice with TLR4 knockout (body weight loss, rectal proreuteri GroEL inhibited the development of M1-like
lapse/bleeding and intestinal mucosa degradation/loss of
macrophages, while promoting macrophages with M2-like
intestinal crypts: Fig. 7a–c). LPS binding on TLR4 can
features. As a result, L. reuteri GroEL decreased the
trigger a canonical pro-inflammatory signaling cascade
expression of pro-inflammatory cytokines, while increasing
(resulting in NF-jB activation), but also a non-canonical
that of anti-inflammatory cytokines. Targeting macroanti-inflammatory pathway, resulting in IRF3 activation
phages in IBD therapy is an interesting strategy. Indeed,
and subsequently in IL-10 production [29]. These signal
macrophages with pro-inflammatory features (i.e. M1-like)
pathways were studied in primary human macrophages
have been reported to be abundant in IBD, and vedolizutreated or not with LPS, in the presence of absence of an
mab, a monoclonal antibody against a4b7 integrin that is
LPS antagonist (LPS-RS) or the TLR4-inhibitor TAK-242.
currently used in IBD therapy, has recently been shown to
As shown in Fig. 7d, while L. reuteri GroEL only slightly
impact innate rather than adaptive immunity. Specifically,
affected the LPS-induced canonical inflammatory pathway,
it was demonstrated that IBD patients who had clinical
it strongly affected IRF3 phosphorylation in the non-
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b Fig. 7 Effect of L. reuteri GroEL treatment in LPS-TLR4 signaling.

a, b Effect of L. reuteri GroEL in TLR4-/- mice. Animals were
treated as in Fig. 5 (5 animals per group, n = 2) and the weight loss
(a) and DAI (b) were calculated daily. c Representative histological
sections of mouse colonic mucosa from the different groups of DSStreated animals. Lower panels show a magnification of the square in
the upper panels. Arrows indicate crypts. The number of colonic
crypts from histopathology slides (n = 5) is indicated. d Expression of
the indicated proteins of the canonical (upper panels) and noncanonical (lower panels) LPS-TLR4 signalling pathways was
assessed by Western blot in PBMCs isolated from buffy coats.
PBMCs were treated or not with LPS (100 ng/ml), in the presence of
absence of L. reuteri GroEL (1 ng/ml) with or without the LPS
antagonist LPS-RS (1 lg/ml) or the TLR4-inhibitor TAK-242
(5 lM). Actin is used as a loading control

remission after vedolizumab treatment showed reduced
relative abundance of M1-like macrophages and increased
abundance of M2-like macrophages [31].
TLR4 is overexpressed during the onset of intestinal
inflammation in IBD [32, 33]. Moreover, LPS binding on
TLR4 can trigger a canonical pro-inflammatory signaling
cascade (resulting in NF-jB activation), but also a noncanonical anti-inflammatory pathway (resulting in IRF3
activation) [29]. Our results suggest that the anti-inflammatory function of L. reuteri GroEL may involve the TLR4
and the non-canonical pathway. Our hypothesis is that the
activation (phosphorylation) of IRF3 (Fig. 7d) and production of cytokines such as IL-10 induced by L. reuteri
GroEL (Figs. 3e, 6g) could be at least partially responsible
for the anti-inflammatory effects observed (reduction in
pro-inflammatory M1-like macrophages and increase in
anti-inflammatory M2-like macrophages). We are presently
exploring in greater depth how L. reuteri GroEL facilitates
this TLR4 pathway (endosomal translocation), as well as
its involvement in IRF3 phosphorylation.
The anti-inflammatory properties of L. reuteri GroEL
might likely also be observed for GroEL from other probiotic strains, but not for GroEL from Gram-negative
bacteria, such as E. coli. Indeed, we demonstrated in the
present work that E. coli GroEL treatment did not prevent
LPS-induced inflammatory effects. This absence of effect,
which cannot be attributed to LPS contamination since all
our GroEL products were LPS-free, may be explained by
the fact that the two GroEL proteins only share about 50%
homology (Supplementary Fig. 1c). These results underline
the importance of both the strain from which GroEL is
derived and the different moonlighting functions displayed
by the proteins. With regard to the active domain(s) of L.
reuteri GroEL involved in its anti-inflammatory properties,
we showed through the construction and production of
mutants that all 3 domains of the protein were required to
maintain its effect. This suggests that GroEL may require
the three-dimensional structure of the wild type protein to
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preserve its beneficial effects, as has been described for
other chaperones [34, 35].
To conclude, the discovery of anti-inflammatory molecules from a probiotic such as L. reuteri constitutes a step
towards new drugs for IBD. Our results demonstrate that L.
reuteri GroEL showed anti-inflammatory properties in
in vitro (human macrophages), ex vivo (explants of human
colon biopsies) and in vivo in a murine model of intestinal
inflammation, with no apparent signs of toxicity. Therefore, L. reuteri GroEL might be a potential therapeutic lead
to develop an alternative to probiotics in the prevention of
acute phase IBD.
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European Union program FEDER for their financial support, and
‘‘Cellimap Dijon’’ and the ‘‘Plateforme de cytométrie Dijon’’ for
technical support.
Declarations
Conflict of interest The authors declare that they have no conflict of
interest.

References
1. Feagins LA, Souza RF, Spechler SJ. Carcinogenesis in IBD:
potential targets for the prevention of colorectal cancer. Nat Rev
Gastroenterol Hepatol. 2009;6:297–305.
2. Mowat AM, Agace WW. Regional specialization within the
intestinal immune system. Nat Rev Immunol. 2014;14:667–85.
3. Hooper LV, Macpherson AJ. Immune adaptations that maintain
homeostasis with the intestinal microbiota. Nat Rev Immunol.
2010;10:159–69.
4. Lozupone CA, Stombaugh JI, Gordon JI, et al. Diversity, stability
and resilience of the human gut microbiota. Nature.
2012;489:220–30.
5. Schwabe RF, Jobin C. The microbiome and cancer. Nat Rev
Cancer. 2013;13:800–12.
6. Kamada N, Seo SU, Chen GY, et al. Role of the gut microbiota in
immunity and inflammatory disease. Nat Rev Immunol.
2013;13:321–35.
7. Tuohy KM, Probert HM, Smejkal CW, et al. Using probiotics and
prebiotics to improve gut health. Drug Discov Today.
2003;8:692–700.
8. Ahl D, Liu H, Schreiber O, et al. Lactobacillus reuteri increases
mucus thickness and ameliorates dextran sulphate sodium-induced colitis in mice. Acta Physiol (Oxf). 2016;217:300–10.
9. Lamas B, Richard ML, Leducq V, et al. CARD9 impacts colitis
by altering gut microbiota metabolism of tryptophan into aryl
hydrocarbon receptor ligands. Nat Med. 2016;22:598–605.
10. Oliva S, Di Nardo G, Ferrari F, et al. Randomised clinical trial:
the effectiveness of Lactobacillus reuteri ATCC 55730 rectal
enema in children with active distal ulcerative colitis. Aliment
Pharmacol Ther. 2012;35:327–34.

J Gastroenterol (2021) 56:442–455
11. Isidro RA, Appleyard CB. Colonic macrophage polarization in
homeostasis, inflammation, and cancer. Am J Physiol Gastrointest Liver Physiol. 2016;311:G59-73.
12. Heinsbroek SE, Gordon S. The role of macrophages in inflammatory bowel diseases. Expert Rev Mol Med. 2009;11:e14.
13. Rieu A, Aoudia N, Jego G, et al. The biofilm mode of life boosts
the anti-inflammatory properties of Lactobacillus. Cell Microbiol.
2014;16:1836–53.
14. Saibil H. Chaperone machines for protein folding, unfolding and
disaggregation. Nat Rev Mol Cell Biol. 2013;14:630–42.
15. Henderson B, Fares MA, Lund PA. Chaperonin 60: a paradoxical,
evolutionarily conserved protein family with multiple moonlighting functions. Biol Rev Camb Philos Soc. 2013;88:955–87.
16. Goloubinoff P, Gatenby AA, Lorimer GH. GroE heat-shock
proteins promote assembly of foreign prokaryotic ribulose bisphosphate carboxylase oligomers in Escherichia coli. Nature.
1989;337:44–7.
17. Friedland JS, Shattock R, Remick DG, et al. Mycobacterial
65-kD heat shock protein induces release of proinflammatory
cytokines from human monocytic cells. Clin Exp Immunol.
1993;91:58–62.
18. Shin H, Jeon J, Lee JH, et al. Pseudomonas aeruginosa GroEL
stimulates production of PTX3 by activating the NF-kappaB
pathway and simultaneously downregulating microRNA-9. Infect
Immun. 2017;85(3):e00935.
19. Asea A. Chaperokine-induced signal transduction pathways.
Exerc Immunol Rev. 2003;9:25–33.
20. Pais de Barros JP, Gautier T, Sali W, et al. Quantitative
lipopolysaccharide analysis using HPLC/MS/MS and its combination with the limulus amebocyte lysate assay. J Lipid Res.
2015;56:1363–9.
21. Menck K, Behme D, Pantke M, et al. Isolation of human
monocytes by double gradient centrifugation and their differentiation to macrophages in teflon-coated cell culture bags. J Vis
Exp. 2014;(19):e51554.
22. Tsilingiri K, Barbosa T, Penna G, et al. Probiotic and postbiotic
activity in health and disease: comparison on a novel polarised
ex-vivo organ culture model. Gut. 2012;61:1007–15.
23. Tsilingiri K, Sonzogni A, Caprioli F, et al. A novel method for
the culture and polarized stimulation of human intestinal mucosa
explants. J Vis Exp. 2013;(75):e4368.

455
24. Gozzi GJ, Gonzalez D, Boudesco C, et al. Selecting the first
chemical molecule inhibitor of HSP110 for colorectal cancer
therapy. Cell Death Differ. 2020;27:117–29.
25. Hayer-Hartl M, Bracher A, Hartl FU. The GroEL-GroES chaperonin machine: a nano-cage for protein folding. Trends Biochem
Sci. 2016;41:62–76.
26. Chassaing B, Aitken JD, Malleshappa M, et al. Dextran sulfate
sodium (DSS)-induced colitis in mice. Curr Protoc Immunol.
2014;104:Unit 15 25.
27. Rath E, Berger E, Messlik A, et al. Induction of dsRNA-activated
protein kinase links mitochondrial unfolded protein response to
the
pathogenesis
of
intestinal
inflammation.
Gut.
2012;61:1269–78.
28. Kim JJ, Shajib MS, Manocha MM, et al. Investigating intestinal
inflammation in DSS-induced model of IBD. J Vis Exp.
2012;(60):3678.
29. Siegemund S, Sauer K. Balancing pro- and anti-inflammatory
TLR4 signaling. Nat Immunol. 2012;13:1031–3.
30. Wirtz S, Neurath MF. Mouse models of inflammatory bowel
disease. Adv Drug Deliv Rev. 2007;59:1073–83.
31. Zeissig S, Rosati E, Dowds CM, et al. Vedolizumab is associated
with changes in innate rather than adaptive immunity in patients
with inflammatory bowel disease. Gut. 2018;68(1):25–39.
32. Abreu MT. Toll-like receptor signalling in the intestinal epithelium: how bacterial recognition shapes intestinal function. Nat
Rev Immunol. 2010;10:131–44.
33. Gren ST, Grip O. Role of monocytes and intestinal macrophages
in Crohn’s disease and ulcerative colitis. Inflamm Bowel Dis.
2016;22:1992–8.
34. Arlet JB, Ribeil JA, Guillem F, et al. HSP70 sequestration by free
alpha-globin promotes ineffective erythropoiesis in beta-thalassaemia. Nature. 2014;514:242–6.
35. Seignez A, Joly AL, Chaumonnot K, et al. Serum Gp96 is a
chaperone of complement-C3 during graft-versus-host disease.
JCI Insight. 2017;2:e90531.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

123

