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Summary

Antimicrobial peptides secreted by intestinal immune
and epithelial cells are important effectors of innate
immunity. They play an essential role in the mainte-
nance of intestinal homeostasis by limiting microbial
epithelium interactions and preventing unnecessary
microbe-driven inflammation. Pancreatitis-associated
protein (PAP) belongs to Regenerating islet-derived III
proteins family and is a C-type (Ca+2 dependent) lectin.
PAP protein plays a protective effect presenting anti-
inflammatory properties able to reduce the severity of
colitis, preserving gut barrier and epithelial inflamma-
tion. Here, we sought to determine whether PAP deliv-
ered at intestinal lumen by recombinant Lactococcus
lactis strain (LL-PAP) before and after chemically
induced colitis is able to reduce the severity in two
models of colitis. After construction and characteriza-
tion of our recombinant strains, we tested their effects
in dinitro-benzenesulfonic-acid (DNBS) and Dextran sul-
fate sodium (DSS) colitis model. After the DNBS chal-
lenge, mice treated with LL-PAP presented less severe

colitis compared with PBS and LL-empty-treated mice
groups. After the DSS challenge, no protective effects of
LL-PAP could be detected. We determined that after
5 days administration, LL-PAP increase butyrate pro-
ducer’s bacteria, especially Eubacterium plexicaudatum.
Based on our findings, we hypothesize that a treatment
with LL-PAPshifts themicrobiota preventing the severity
of colon inflammation in DNBS colitis model. These pro-
tective roles of LL-PAP in DNBS colitis model might be
through intestinalmicrobiotamodulation.

Introduction

Inflammatory bowel diseases (IBD) are chronic inflamma-
tory disorders located in the large and/or small intestine,
including ulcerative colitis and Crohn’s disease. These dis-
eases are multifactorial driven mainly by an inappropriate
immune response to gut microbes in a genetically pre-
disposed host (M’Koma, 2013; Nielsen, 2014). This group
of diseases has a substantial socio-economic impact world-
wide, being a significant health problem in Western socie-
ties, affecting 1 in 1000 individuals, and characterized by
chronic, nonspecific inflammation in the large and/or small
intestine. Indeed, these patients have relapse and remit into
long-term morbidity. At the present day, there is no perma-
nent drug cure; therefore, their treatment represents a medi-
cal challenge (Steidler et al., 2000; M’Koma, 2013; Nielsen,
2014; Eisenstein, 2016). Some of the existing treatments
for IBD include anti-inflammatory and immunosuppressive
drugs presenting severe side-effects. In later years, there
has been a landmark of discoveries and advancements for
the therapeutic intervention of IBD but new tools are still
required (Steidler et al., 2000; Vandenbroucke et al., 2010;
Nielsen, 2014; Santos Rocha et al., 2014; Pigneur and
Sokol, 2016; de Souza et al., 2017; Hasenoehrl et al.,
2017; Weingarden and Vaughn, 2017).

Therapeutic proteins are gaining increased popularity,
due to their low toxicity and minimal nonspecific effect,
which allow them increased applicability to multiple dis-
ease (Choonara et al., 2014; Liu et al., 2018). Antimicro-
bial peptides (AMPs) secreted by intestinal immune,
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epithelial cells and lymphocytes belong to the important
effectors of innate immunity compartment, serving as a first
line of the defence against pathogens. AMPs are key regu-
lators in the host–microbiota relationships by restricting con-
tact between commensal bacteria and epithelial surface
(Gironella et al., 2005; Cash et al., 2006; Ismail et al., 2009;
Natividad et al., 2013).

Pancreatitis-associated protein (PAP) belongs to the
Reg gene family. PAP was first found in regenerating
pancreatitis islets in rat encoding a small group of pro-
teins involved in the control of epithelial cell proliferation
and wound healing in various organs, including pancreas
and intestine (Keim et al., 1984; Gironella et al., 2005;
Granlund et al., 2011; Yang et al., 2011; Marafini et al.,
2014). PAP is mainly synthesized by goblet cells and
enterocytes in the colon and in the small intestine by
Paneth cells located in the crypt (Ogawa et al., 2003;
Cash et al., 2006; Natividad et al., 2013; Nunes et al.,
2014). Its presence in the intestinal lumen will limit
the contact between resident microbes composed largely
of commensal microorganisms and mucosal surface
(Mukherjee and Hooper, 2015). Several studies demon-
strated the expression of RegIIIγ/PAP in the intestine cor-
related with the richness of microbiota composition. They
observed low expression of RegIIIγ in germ-free mice but
markedly increases after bacterial colonization (Cash
et al., 2006; Ismail et al., 2009; Natividad et al., 2013;
Mukherjee and Hooper, 2015). PAP expressed by intra-
epithelial lymphocytes (IEL) and epithelial cells (IEC) also
requires cytokine signals from innate lymphocyte cells
(ILCs) subsets. One of them, the ILC3, produces IL22,
which binds to IL22R (receptor) on epithelial cells and
modulates epithelial function and AMP production, such
as RegIIIγ, warranting the intestinal epithelial homeosta-
sis (Natividad et al., 2013; Lamas et al., 2016). Regarding
the intestinal homeostasis and PAP, recent work has
shown the transgenic mice expressing PAP in the pan-
creas were more resistant to colitis development. Those
mice presented microbiota diversity able to drive an anti-
inflammatory environment ensuring the epithelial integrity
and function (Darnaud et al., 2018).

Several works showed the use of living genetically
engineered strains, for example, food-grade bacterium
Lactococcus lactis delivering therapeutic molecules in situ
as being promising to treat different human diseases as
allergy (Adel-Patient et al., 2005; Daniel et al., 2006), cancer
(Bermudez-Humaran et al., 2005), obesity (Bermudez-
Humaran et al., 2007) or IBD (Steidler et al., 2000; Foligne
et al., 2007; Motta et al., 2012; Hanson et al., 2014). In this
study, we investigate mucosal release of PAP using a well-
described system that enables oral delivery of bio-
pharmaceuticals to the gastrointestinal tract by genetically
engineered L. lactis. We show exogenous PAP delivered by
recombinant L. lactis might shape the intestinal microbiota

and thus act against the inflammatory process taking place
in IBD. It may be useful as an intervention approach to main-
tain the intestinal homeostasis or prevent the intestinal
dysbiosis caused by genetic predisposition to IBD.

Results

Characterization of human PAP production by L. lactis

PAP cDNA was inserted in pSEC or pCYT vectors,
obtaining thus pSEC-PAP and pCYT-PAP, in order to pro-
duce PAP secreted or cytoplasmic. Then pSEC-PAP and
pCYT-PAP were introduced in L. lactis strain NZ9000
where PAP expression was induced by nisin. We used then
enzyme-linked immunosorbent assay (ELISA) to test the
ability of our recombinant strains to produce and secrete
human PAP. Highest PAP production was obtained with
strains transformed with pSEC:PAP (Fig. 1). Recombinant
strain NZ9000 containing pSEC:PAP (LL-PAP) was used in
further experiments. A band of ~19 kDa in the cytoplasm
was detected in nisin-induced cultures of the LL-PAP by
western-blot (data not shown).

LL-PAP treatment reduces the severity of DNBS-
induced acute colitis but does not prevent damages in
DSS-induced colitis

In order to evaluate the effects of LL-PAP in vivo, we used
two well-established chemically induced colitis models,
DNBS and DSS (Rochat et al., 2007; Chassaing et al., 2014;
Martin et al., 2014a;Martin et al., 2014b; Eissa et al., 2017).

Briefly, mice received a pre-treatment (LL-empty or LL-
PAP or PBS) for 7 days. The last day, faecal samples were
recovered. At day 7, the intra-rectal injection of DNBS
(150 mg kg–1) diluted in 30% ethanol was performed. After

Fig. 1. Characterization of human PAP production by Lactococcus
lactis. PAP was identified in the pellet and supernatant of nisin-
induced recombinant L. lactis PAP culture by ELISA. S NI = superna-
tant from non-induced culture; S I = supernatant from induced
culture; P NI = pellet from non-induced culture; and P I = pellet from
induced culture. NZ9000: L. lactis control strain, containing the plas-
mid pNIS empty; pSECPAP: L. lactis strain secreting PAP; and
pCYTPAP: L. lactis strain expressing PAP into the cytoplasm.
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the DNBS challenge, mice were continuously treated with the
same recombinant bacteria or PBS for 4 days more. Finally,
mice were sacrificed on day 10 when MLN and colon were
sampled.
Animals treated with LL-PAP lost less weight than

PBS- or LL-empty administered mice (Fig. 2A). LL-empty-
treated mice did not start to regain weight at D4 after
DNBS even if the difference with the PBS group is not sta-
tistically significant (Fig. 2A). Other parameters such as
macroscopic (Fig. 2B) and microscopic scores (Fig. 2C)
were reduced by ~75% and ~50% respectively in LL-PAP
group compared with PBS or LL-empty group. All param-
eters analysed here showed LL-PAP mice developed
less severe colitis compared with LL-empty and PBS-
treated mice.
DSS experiment were performed as follow, mice

were orally administered with LL-empty or LL-PAP dur-
ing all experiment long. After 7 days, they received
2.5% DSS solution diluted in drink water ad libitum.
The solution was changed every 3 days. After 7 days
of DSS, mice returned to normal drinking water to allow
recovery for 5 days and then were sacrificed. There is
no difference in the weight loss (Fig. 3A) neither in the
other parameters measured, such as consistency and
presence of blood in the faeces (Disease Activity
Index) (Fig. 3B). All parameters analysed here showed
LL-PAP did not affect the severity of DSS colitis.
Regarding the absence of protective effect on these
two major readouts, no further analysis was performed
on DSS experiment.

LL-PAP treatment is able to modulate the immune
response in DNBS-induced colitis model

In order to know the effects of PAP delivered by L. lactis
on the immune response in DNBS-induced colitis in mice,
amount of cytokines IFNγ, IL12p70, IL4, TSLP, IL-17 and
TGF-β were assayed in the supernatant of activated lym-
phocytes isolated from MLN and protein extracts from
colon tissue of those mice.

In MLN supernatant, secretion of pro inflammatory cyto-
kines IL-12, IFN-γ, and IL17was decreased in LL-PAP-treated
mice compared with LL-empty-treated mice (Fig. 4). While the
anti-inflammatory cytokines, such as TGF-β and TSLP were
expressedat higher level in LL-PAP treatedmice. IL-4 concen-
trationwas not different among the groups (Fig. 4).

In colon extracts, we observed a decrease of IL-17 pro-
duction between LL-empty and LL-PAP-treated mice,
while TSLP level was increased (Fig. 5). No other differ-
ences could be detected.

Treg population in the intestinal lamina propria is
restored

Considering the increase of TGF-β in MLN induced by LL-
PAP, we hypothesized that the protective effect of PAP
could be mediated by Treg cells. Thus, we isolated cells
from intestinal lamina propria from LL-empty, LL-PAP, non-
inflamed and inflamed controls mice to measure the Treg
cells population using flow cytometry. LL-PAP, LL-empty

Fig. 2. Effect of LL-PAP on DNBS-induced colitis. Mice were orally administered with LL-empty or LL-PAP during 5 days before and 4 days after
intra-rectal injection of DNBS. Mice were sacrificed 4 days after DNBS injection.A. Percentage of weight loss among the groups. B. Macroscopic
score. C. Microscopic score.
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and non-inflamed mice (PBS) presented the same percent-
age of CD4+FoxP3+ cell (Fig. 6).

PAP shaped the intestinal microbiota after oral gavage

To assess the impact of LL-PAP on gut microbiota, we
repeated the protocol previously described in Fig. 2.
C57BL/6 mice were treated with LL-PAP or LL-empty

during 5 days by oral gavage then DNBS was adminis-
tered intra-rectally and mice were sacrificed at D9. Fresh
faecal samples were collected from each mouse at two
different time point: D5 (before DNBS administration) and
D9 (before the sacrifice). These samples were sent for
16S rRNA sequencing. The bar-coded sequencing pro-
vided 237,945 usable reads (6012 operational taxonomic
units [OTUs] with 99% identity threshold) from 10 faecal

Fig. 3. Effect of LL-PAP on DSS-induced colitis. Mice were orally administered with LL-empty or LL-PAP during 5 days before and 12 days after DSS
administration. Mice were sacrificed 12 days after DSS administration.A. Percentage of weight loss among the groups. B. Disease Activity Index.

Fig. 4. Cytokine production in mesen-
teric lymph nodes. Mice were orally
administered with LL or LL-PAP during
5 days before and 4 days after intra-
rectal injection of DNBS. Mice were
sacrificed 4 days after DNBS injection.
Cells were isolated from MLN and re-
stimulated in vitro by anti-CD3 and anti-
CD28 during 48 h. Supernatants were
recovered and cytokine measured
using ELISA kits.
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samples. Oral administration of LL-PAP for 5 days remark-
ably shifted the overall structure of gutmicrobiota in vivo. Prin-
cipal coordinates analysis (PCoA) separate clearly the two
microbiota (Fig. 7A). The boxplots showed an increasing of
alpha-diversity into the LL-PAP-treated mice microbiota pop-
ulation comparedwith LL-treatedmice (Fig. 7B). The differen-
tial abundance test shows that eight OTUs are different
between LL and LL-PAP-treated (Fig. 7C). The relative abun-
dance of OTUs belonging to the families Lachnospiraceae
andRuminococcaceae, to theRuminoclostridium genus, and
the species Eubacterium plexicaudatum is highly increased
inmice LL-PAP-treated comparedwith LL-empty. In the other
hand, bacteria from the genus Clostridium strict sense 1 and
one OTU from the Lachnospiraceae NK4A136 group are
moderately decreased in thosemice (Fig. 7C).

At D9, after DNBS challenge, PCoA showed us that
microbiota from mice administered with DNBS, treated
are not with our recLAB, are clustered together and thus
are not different (Fig. 8). DNBS treatment, therefore,
seems to be the main changing factor.

Fig. 5. Cytokine production in colon.
Mice were orally administered with LL-
empty or LL-PAP during 5 days before
and 4 days after intra-rectal injection of
DNBS. Mice were sacrificed 4 days after
DNBS injection. Colon from eachmouse
wasmashed in 1ml of PBS usingGentle
Max and cytokines were measured
using ELISA kits.

Fig. 6. Percentage of FoxP3+ cells population from intestinal lamina
propria. Mice were orally administered with LL-empty or LL-PAP dur-
ing 5 days before and 4 days after intra-rectal injection of DNBS.
Mice were sacrificed 4 days after DNBS injection. Cells isolated from
intestinal lamina propria from PBS, DNBS, LL-empty and LL-PAP
treated mice were stained with anti-CD4+ and anti-FoxP3+ and
analysed by Flow cytometer. The percentage of cells obtained is rep-
resented in the graph.
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Discussion

Our goal was to describe the anti-inflammatory properties
of PAP and its impact in the intestinal homeostasis using
recombinant lactococci. Previous work had shown that
an overexpression, or oral and rectal administration, of
antimicrobials led to significant changes in gut microbiota
composition; however, the underlying mechanisms and
health benefits provided by these changes remain to be
demonstrated (Darnaud et al., 2018).

In order to understand how PAP improves the health
status after DNBS challenge, we figured out the severity
of colitis through cytokine profile, macroscopic and micro-
scopic parameters from these mice. In our study, we
treated mice with LL-empty and LL-PAP before and after
DNBS challenge. Therefore, we hypothesized that once
delivered into the intestinal lumen by L. lactis, PAP
will play an important anti-inflammatory role. Our results

confirm our hypothesis as LL-PAP mice recovered weight
faster than the other groups. Moreover, microscopic score
presented low severity lesion markers, showing a preserved
intestinal architecture (low mucosal and/or submucosal
inflammatory infiltrate, no edema and neither punctate ero-
sion, and the muscularis mucosae intact). Furthermore, the
macroscopic score shown a lower mucus level production
and no adhesion, as well as no haemorrhage neither ulcer-
ation compared with the other groups (Wallace et al., 1995;
Dothel et al., 2013 ; Aubry et al., 2015 ; Eissa et al., 2017).
These lower pathological scores in LL-PAP treated mice
were correlated with a decrease of IFNγ and IL12 (Th1) as
well IL17 (Th17) cells producing in MLNs. However, no dif-
ference was found in IFNγ and IL12 (Th1) production in
colonic tissue, but IL17 was less produced in LL-PAP mice
compared with LL mice. Taken altogether, as those cyto-
kines are known as pro-inflammatory and they are involved
in the progression of IBD, these results suggest lower local
inflammation able to reduce the severity of the disease as
well as the histological scores (Dothel et al., 2013; Aubry
et al., 2015; Eissa et al., 2017). In the same time, those
mice showed an increase of TGF-β and TSLP in MLN or in
colonic tissue. TSLP was first discovered in a thymic stro-
mal cell line and is mainly produced by non-haematopoietic
cells, such as epithelial cells in response to stress stimuli
(Aubry et al., 2016). Previous study showed recombinant
L. lactis secreting TSLP was able to reduce the severity as
well as delay in the inflammation caused by DSS in mice
(Aubry et al., 2016). TGF-β is involved in the Treg cell differ-
entiation and anti-inflammatory status (Nakamura et al.,
2001; Wan and Flavell, 2007). The relation between IL-17
and TGF-β is very important. TGF-β is a pleiotropic cytokine
required for the differentiation of Treg and Th17 cells. How-
ever, TGF-β is non-redundantly required to the develop-
ment of Treg cells, but dispensable for the differentiation of
Th17. On the other hand, high concentration of TGF-β
favours Foxp3+Treg cells (Chen et al., 2003; Zhou et al.,

Fig. 7. Intestinal microbiota analysis after oral gavage with LL-PAP. A. Principal coordinate analysis. B. The α-diversity into the LL-PAP treated
mice microbiota population compared with LL-empty-treated mice. C. Comparison of the relative abundance of OTUs in LL-empty and LL-PAP
groups. [Color figure can be viewed at wileyonlinelibrary.com]

Fig. 8. Intestinal microbiota analysis after DNBS administration.
PCoA of microbiota from mice orally administered with LL-empty or
LL-PAP during 5 days before and 4 days after intra-rectal injection
of DNBS. [Color figure can be viewed at wileyonlinelibrary.com]
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2007; Omenetti and Pizarro, 2015). Treg cells could be the
key element in the maintenance of the intestinal integrity,
preventing all inflammation markers, such as macroscopic,
microscopic scores, and cytokine profile. In order to know
whether LL-PAP increase the Treg cells population, improv-
ing the health status of those mice, we isolated T cells from
lamina propria from all groups (PBS, DNBS, LL-empty and
LL-PAP) to access the Treg cells population. The percent-
age of Treg cells present in lamina propria of LL-empty and
LL-PAP treated mice were the same, moreover both restore
the Treg cells population after DNBS challenge at the
same level to the non-inflamed group (PBS). So, the protec-
tive effect of LL-PAP administration versus LL-empty cannot
be explained by a difference in Treg population in the lamina
propria at D9. However, we cannot exclude that a difference
in Treg population could have been observed earlier.
In order to explain the protective effect of PAP, we

hypothesized the microbiota shaping as a potential
mechanism by which PAP prevents the mucosal barrier
damage. The composition of a host’s intestinal microbiota
drives the type of mucosal and systemic immune
response by affecting the proportion and number of func-
tionally distinct T cells subsets. In particular, the micro-
biota affects the differentiation of intestinal T cells, which
play crucial role in maintaining mucosal barrier of func-
tions, besides controlling immunological homeostasis
(Asano et al., 2013; Atarashi et al., 2013). Our results
showed that the microbiota composition was different in
both groups (LL-empty and LL-PAP treated mice) before
DNBS challenge. Treatment by LL-PAP increased the
α-diversity. Diversity is known now to be very important
to resist against various pathologies. Moreover,
β-diversity analysis through PCoA confirmed that the two
groups (LL-empty and LL-PAP) have different microbiota.
At the genus level, we could see that LL-PAP treatment
increased Ruminoclostridium, Ruminococcaceae and
Lachnospiraceae. These genuses belong to Firmicutes
phylum, which are mainly butyrate producers. Butyrate
has a protective role against colitis by improving gut bar-
rier function, increasing AMPs production, interacting with
the immune system to drive to an anti-inflammatory pro-
file, and reducing oxidative stress (Riviere et al., 2016).
Remarkably, we noticed an increase of the specie
E. plexicaudatum. Compared with the other bacteria
modified by LL-PAP treatment E. plexicaudatum is highly
abundant, 1%–5% of total. E. plexicaudatum is a mem-
ber of the altered Schaedler flora (Dewhirst et al., 1999)
and described as a butyrate producer (Wilkins et al.,
1974). Butyrate-producing bacteria are reported to be
decreased in HFD-fed animals and in some human’s dis-
eases such as IBD and obesity (Zhang et al., 2016). We
can suppose the abundance of this bacterium in the
microbiota of LL-PAP mice was able to prevent inflamma-
tory signals, and consequently able to inhibit Th17 and

Th1 differentiation. This explanation fits with our findings
and confirms that somehow this bacterium was able to
improve the intestinal health in LL-PAP treated mice after
DNBS challenge. Nevertheless, at D9, after DNBS
administration, no difference of microbiota composition
was observed when we compared mice treated or not
with our recombinant LAB. DNBS was the main changing
factor. Hence, mice can prevent tissue damage and
regain weight, albeit they do not completely recover their
previous microbiota.

Recently, Darnaud et al. described that enteric delivery
of PAP modifies the intestinal microbiota composition
and controls inflammation. Similarly to our results, they
showed that expression of PAP shift the composition of
intestinal microbiota toward enrichment in clostridiales
(Rumincoccaceae, Lachnospiraceae) (Darnaud et al.,
2018). It has to be noted that a more deep comparison
between are results on microbiota composition is difficult
because the data were not treated and compared using
the same analysis pipeline. Nevertheless, in contrary to
our results they have a strong protective effect in DSS-
induced colitis model of PAP expression. One of the most
important differences between our two studies is that they
used transgenic mice (TG) overexpressing PAP in liver,
delivering thus the AMP in the lower part of the intestinal
tract. The delivery of PAP using recombinant LAB strat-
egy has more chance to occur in the upper part of the
intestine than in the lower part. Indeed, lactococci are
highly sensitive to low pH and generally to the biochemi-
cal and physical–chemical conditions of the intestinal
tract. They do not colonize and after entering the intes-
tine, they do not survive more than few hours (Drouault
et al., 1999). Thus, they deliver their load rapidly in the
small intestine. It has to be noted too, that they describe
a mild protective effect of a 100 μg intra-rectal injection of
recombinant PAP. In our case, we administer daily a
quantity of PAP estimated around few hundreds of pico-
grams which is far from what Darnaud et al. have
injected.

Taken altogether, our results allow us to conclude LL-
PAP was able to shift the microbiota through an enriched
butyrate-producers microbiota that could be able to prevent
intestinal epithelial damage, weight loss, and inflammatory
status after DNBS challenge. More studies should be per-
formed to demonstrate the role of the microbiota but we
can propose E. plexicaudatum as a potential probiotic used
to prevent intestinal inflammation damages.

Experimental procedures

Cloning of the human PAP gene in L. lactis

A 478-bp DNA fragment encoding for mature human
PAP (i.e., without the signal peptide) was PCR amplified
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from the pSPORT1:PAP vector (Itoh and Teraoka, 1993)
using primers NsiI-PAP (50-CC AATGCATCAGAAGAA
CCCCAGAGGGAACTG-30) and EcoRI-PAP (5’-GGGAA
TTCA CTCAGTCCCTAGTCAGTGAACTTGCAGACA-30).
The resulting fragment was directly digested with NsiI and
EcoRI enzymes (restriction sites on the primers are
indicated in bold and italics) and cloned into purified back-
bone isolated from the NsiI-EcoRI-cut pSEC-E7 vector
(Bermudez-Humaran et al., 2002) resulting in pSEC:PAP or
NsiI-EcoRI-cut pCYT-E7 vector resulting in pCYT:PAP.
Both plasmids were introduced into L. lactis strain NZ9000
carrying the regulatory genes nisR and nisK (Mierau and
Kleerebezem, 2005) to obtain the strain LL-PAP. pSEC:PA
P was also introduced into NZ9000htrA- (Cortes-Perez
et al., 2006). As a negative control, NZ9000 was trans-
formed with a pSEC empty vector to generate strain
LL. Recombinant L. lactis clones were selected by the addi-
tion of 10 μg ml–1 chloramphenicol.

Inducible expression of PAP

For the induction of PAP expression from the nisin pro-
moter, strains were grown in M17 medium (Difco) sup-
plemented with 1% glucose (GM17) at 30�C without
agitation until an optical density at 600 nm of 0.6. Rec-
ombinants L. lactis were selected by the addition of
10 μg ml–1 chloramphenicol. Afterwards, the strains were
induced with 10 ng of nisin (Sigma) per ml for 2 h. L. lactis
culture extraction and immunoblotting assays were per-
formed as follows, using a polyclonal serum specific from
Human Reg3A (R&D Systems). Protein samples were
prepared from 2 ml of induced culture at a DO600 = 1.
After centrifugation (5 min, 10,000 rpm), the cell pellet and
supernatant were treated separately. The supernatants
were treated with 100 μl of 100% trichloroacetic acid to pre-
cipitate proteins. Samples were incubated for 1 h on ice,
and proteins were recovered from the pellets after centrifu-
gation at 4�C for 30 min at 13,000 rpm. The cell fractions
were resuspended in PBS supplemented with anti-protease
and sonicated (6 cycles of 10 s sonicating and 10 s rest)
on ice. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, Western blotting, and immunodetection were per-
formed as previously described (Le Loir et al., 1998;
Bermudez-Humaran et al., 2002).

The concentrations of PAP secreted in the medium
and retained in cell fractions were assessed by an ELISA
kit (Dynabio) too. Human commercial PAP (BioVendor)
was used as a control in Western blotting and ELISA.

Animals

Specific pathogen-free C57BL/6 mice (6–8 weeks old;
Janvier, France) were maintained under normal hus-
bandry conditions in the animal facilities of the National

Institute of Agricultural Research (UEIERP, INRA, Jouy-
en-Josas, France). All animal experiments began after
1 week of acclimation and were performed according to
European Community rules of animal care and with
authorization 78-149 of the French Veterinary Services.

Induction of acute colitis and bacteria administration

The protocol of DNBS-induced acute colitis is detailed in
Fig. 2. Briefly, mice of approximately 20 g were fully
anaesthetised by intraperitoneal (i.p.) injection of 150 μl of
0.1% ketamine (Imalgene 1000, Merial, France) and 0.06%
xylazine (Rompun) and a 3.5 catheter (French catheter,
Solomon Scientific) attached to a tuberculin syringe was
inserted into the colon. A dose of 150 mg kg–1 of DNBS
solution (ICN, Biomedical Inc.) in 30% ethanol (EtOH) was
then injected intra-rectally to induce colitis. Control mice
(without colitis) received only 30% EtOH. Mice were fed
with 5 × 109 CFU in 200 μl of either LL or LL-PAP in PBS,
or PBS alone daily for 9 days. Weight loss was monitored
daily to assess the severity of colitis. Inflammation was
monitored 4 days after DNBS administration by cytokine
productions, macroscopic and microscopic analysis.

The protocol of DSS-induced acute realized was based
on previous protocols. Briefly, at D0 colitis was induced
by adding 2.5% (w/v) of Dextran sulfate sodium salt
(DSS) of a molecular weight of 36,000–50,000 (MPBio)
to the drinking water for 7 days. The mice were sacrificed
at D12 (DSS recovery) after the DSS induction. For the
recovery phase, DSS colitis induction was followed by
5 days of recovery with normal drinking water. Mice were
monitored daily for weight loss and Disease Activity Index
(DAI) has been calculated according to the protocol
established by Cooper and colleagues (1993). Mice have
been sacrificed by cervical dislocation. Mesenteric lymph
node (MLN) cells were isolated and colon have been
harvested for protein extraction and histological
assessment.

Macroscopic and microscopic damage scores

Mice were sacrificed by cervical dislocation and the abdomi-
nal cavity was opened, the colon was removed and opened
longitudinally and damage was immediately assessed mac-
roscopically. Macroscopic scores were recorded using a
previously described system (Martin et al., 2014a,b). Briefly,
the macroscopic criteria (assessed on a scale from 0 to 5)
include macroscopic mucosal damages such as ulcers,
thickening of the colon wall, the presence of adhesions
between the colon and other intra-abdominal organs, the
consistency of faecal material (as an indicator of diarrhoea)
and the presence of hyperemia.

Large intestines pieces were removed, visually inspected
for macroscopic evaluation, and prepared for histological
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evaluation using standard methods. Serial paraffin sec-
tions of 4 μm were made and stained with haematoxylin–
eosin for light microscopy examination. Each parameter
(erythema, haemorrhage, edema, stricture formation,
ulceration, faecal blood, presence of mucus, diarrhoea
and adhesions) was awarded 1 point if observed in tissue
examination. The extent of colonic damage and inflamma-
tion was assessed using a standard histopathological
grading system: histological findings identical to normal
mice (grade 0); mild mucosal and/or submucosal inflam-
matory infiltrate (admixture of neutrophils) and edema,
punctate mucosal erosions often associated with capillary
proliferation, Muscularis mucosae intact (grade 1); grade
1 changes involving 50% of the specimen (grade 2); prom-
inent inflammatory infiltrate and edema (neutrophils usu-
ally predominating) frequently with deeper areas of
ulceration extending through the muscularis mucosae into
the submucosa; rare inflammatory cells invading the
muscularis propriae but without muscle necrosis (grade 3);
grade 3 changes involving 50% of the specimen (grade 4);
extensive ulceration with coagulative necrosis bordered
inferiorly by numerous neutrophils and lesser numbers of
mononuclear cells; necrosis extends deeply into the
muscularis propria (grade 5); grade 5 changes involving
50% of the specimen (grade 6).

Cytokine assays

Mesenteric lymph nodes (MLN) cells were isolated from
mice and cultured in RPMI culture medium (Lonza) with
100 unit of streptomycin, penicillin (PAA Laboratories)
and 10% SVF (Lonza) at 2 × 106 cells/well. Cells were
re-activated with 4 μg ml–1 pre-coated anti-mouse anti-
body CD3e and CD28 (eBioscience). Concentrations of
cytokines IL-12, IL-17, IL-4, TSLP, and INF-γ (Mabtech)
and TGF-β (R&D), in medium were assessed by ELISA
after 48 h of incubation (37�C/5%CO2).
One centimetre of colonic tissue was weighing and

mashed by Gentle MaxTM (Miltenyl Biotec) in 1 ml of
PBS plus anti-protease (Roche). The lysate was cen-
trifuged and the supernatant used to measure cytokine
level by ELISA. The cytokines tested were IFNγ, IL12,
IL4, IL17, TSLP (Mabtech) and TGF-β (R&D systems),
and the concentration was normalized by microgram of
tissue.

Lamina propria isolation

Black C57BL/6 mice were administered with 109 CFU of
LL, LL-PAP or PBS for 7 days before DNBS challenge.
After 4 days since the challenge, animals were eutha-
nized, colon were recovered to perform lamina propria
extraction. After cleaning the tissue, digestion using
DNAse and Liberase (Roche) was performed during

30 min at 37�C with constant shaking. The digested tis-
sue was mashed in a cell stainer (100 μm) and collected
in complete medium (RPMI sigma). After centrifugation,
cells resuspended in Percoll 40% were underlaid on 3 ml
of Percoll 80%, tubes were centrifuged during 20 min,
600 g (without break), and the ring formed in the middle
of the two phases was collected into another tube. Cells
were centrifuged, washed with complete RPMI medium
and counted using a flow cytometer.

Treg cells population

Staining was performed according to manufacturer recom-
mendations: around 106 cells/well were inserted in an
opaque, white 96-Well Plate V format (Grener), centrifuged at
37�C for 2 min/2000 rpm. Supernatant was discarded, cells
were washed with PBS before being incubated with anti-
mouse CD3e APC-efluor 780, CD4 PE-Cy5 conjugated
L3 T4 and CD16/CD32 antibodies (diluted in PBS1× con-
taining 2% FBS—PBS1XFluo). All antibodies are used at
final concentration of 1 μg ml–1. Plate was incubated 20 min
at 4�C protected from light and next centrifuged at 37�C for
2 min/2000 rpm. Supernatant was then discarded and incu-
bated with PBS1XFluo, washed and resuspended with
fixation/permeabilization solution. Cells were kept for 30 min
at 4�C protected light, centrifuged, and incubated with anti-
mouse/Rat Foxp3-FITC antibody for 30 min (prepared
in permeabilization buffer). Cells were washed and
resuspendedwith PBS for reading in the flow cytometer. Leu-
kocytes were gated using forward scatter and side scatter,
and within the leukocyte gates, leucocytes were identified as
Th cells (CD3+, CD4+) and the population of Treg was identi-
fied as CD3+CD4+FoxP3+. CD16/CD32 are expressed in B
cells, monocytes/macrophages, NK cells, granulocytes, mast
cells and dendritic cells, and used as control.

Statistical analysis

The GraphPad software (GraphPad Sofware, La Jolla)
was used for statistical analysis. Results are presented
as bar graphs or dot plots with means�SEM. Most com-
parisons involved one-way analysis of variance followed
by the Bonferroni multiple comparison post hoc analysis.
For data sets that were non-Gaussian or based on a
score or on a percentage, the non-parametric Mann–
Whitney test was used. A p value of less than 0.05 was
considered significant.

Bioinformatics analysis

The assembled sequences were dereplicated and single-
tons were removed using the Vsearch tool using the ‘der-
ep_fulllength’ command. The dereplicated sequences
were clustered into 99% identity groups to constitute the
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OTUs through the ‘cluster_fast’ command. The initial
reads were mapped to the constructed OTUs to quantify
each Taxonomic Unit using the ‘usearch_global’ Vsearch
tool (Rognes et al., 2016). The taxonomic assignment
was performed by the TAG.ME (Pires et al., 2018) R
package using 515F-806R model.

Statistical analysis—The differential abundant OTUs
were identified using the Deseq2 (Love et al., 2014) with
an adjusted p value threshold of 0.05. The Beta-Diversity
visualization was performed through the PCoA using the
Jensen-Shannon distance matrix.
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