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Abstract

Background and Aims: Regenerating islet-derived protein type 3 [Reg3] lectins are antimicrobial
peptides at mucosal surfaces of the gut, whose expression is regulated by pathogenic gut
microbes via interleukin-22- or Toll-like receptor signalling. In addition to antimicrobial effects,
tissue protection is hypothesized, but has been poorly investigated in the gut.

Methods: We applied antibiotic-induced microbiota perturbations, gnotobiotic approaches and a
dextran-sodium sulfate [DSS] colitis model to assess microbial Reg3 regulation in the intestines
and its role in colitis. We also used an intestinal organoid model to investigate this axis in vitro.
Results: First, we studied whether gut commensals are involved in Reg3 expression in mice, and
found that antibiotic-mediated reduction of Clostridia downregulated intestinal Reg3B. A loss
in Clostridia was accompanied by a significant reduction of short-chain fatty acids [SCFAs], and
knock-out [KO] mice for SCFA receptors GPR43 and GPR109 expressed less intestinal Reg3B/-G.
Propionate was found to induce Reg3 in intestinal organoids and in gnotobiotic mice colonized
with a defined, SCFA-producing microbiota. Investigating the role of Reg3B as a protective factor
in colitis, we found that Reg3B-KO mice display increased inflammation and less crypt proliferation
in the DSS colitis model. Propionate decreased colitis and increased proliferation. Treatment of
organoids exposed to DSS with Reg3B or propionate reversed the chemical injury with a loss of
expression of the stem-cell marker Lgr5 and Olfm4.
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Conclusions: Our results suggest that Clostridia can

regulate Reg3-associated epithelial

homeostasis through propionate signalling. We also provide evidence that the Reg3-propionate
axis may be an important mediator of gut epithelial regeneration in colitis.
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1. Introduction

Multifaceted microbiota—host interactions are essential for physio-
logical homeostasis, and subtle changes of this complex microbial
milieu can have short- and long-term pathological effects on the host.
In the gastrointestinal [GI] tract, intestinal epithelial cells [IECs] are
pivotal in maintaining homeostasis between the microbiota and the
host by mucus barrier construction, priming of humoral immune re-
sponses or secretion of antimicrobial peptides [AMPs].! C-type lec-
tins of the regenerating islet-derived protein type 3 [Reg3] family
are among the most important AMPs produced within the gut mu-
cosa. For instance, Reg3gamma [Reg3G], the murine orthologue to
human Reg3A, has bactericidal activity against Gram-positive patho-
gens,> whereas Reg3beta [Reg3B], a closely related isoform, targets
Gram-negative bacteria and protects against Salmonella enteritidis or
Yersinia pseudotuberculosis infections.>> In addition, Reg3B restricts
the mucosa-associated gut microbiota and prevents translocation
of commensal bacteria after GI tissue injury.®” A genetic knock-out
[KO] of Reg3B, in turn, leads to dysbiosis-like microbiota changes.®

It has been demonstrated that colonization of the gut of germ-
free mice with commensal bacteria induces the intestinal expression of
Reg3G? and Reg3B,* and treatment with broad-spectrum antibiotics
reduces the expression of both Reg3 proteins in mice,” suggesting a
general role of the gut commensal microbiota in Reg3 regulation. Toll-
like receptor [TLR]-dependent signalling has been suggested as one
important inducer of Reg3 upon intestinal pathogen exposure.'*'? In
addition, interleukin-22 [IL-22] signalling also drives Reg3 expression,
primarily in inflammatory conditions of the gut.!* Beyond that, the
roles of commensals and their metabolites in the regulation of Reg3
and Reg3-associated epithelial homeostasis are less well understood.

Here, we hypothesized that certain members of the commensal
gut flora can regulate intestinal Reg3 expression under steady-state
conditions via metabolite-driven microbe-host interactions. To
study this, we partially depleted the gut microbiota with antibiotics,
and additionally colonized germ-free mice with a restricted gut flora.
Furthermore, the intestinal organoid model was used to investigate
the effects of microbial metabolites on Reg3 expression.

Reg3 lectins are highly upregulated in inflammatory bowel disease
or acute graft-versus-host disease,'*!* both inflammatory conditions as-
sociated with injuries of the commensal gut microbiota. These injuries,
in turn, are associated with a depletion of beneficial microbial metabol-
ites such as short-chain fatty acids [SCFAs].!¢ For this reason, we finally
assessed the role of Reg3B and SCFAs in modulating gut inflamma-
tory responses and regeneration using the dextran sulfate sodium [DSS]
model of chemical colitis in mice and in the organoid model.

2. Methods

2.1. Animals

Male C57BL/6] mice were obtained from Envigo or the Jackson
Laboratories. Male MyD88-KO mice were obtained from Dr
Thorsten Buch, University of Zurich, and bred at the animal
facility of the Institute for Medical Microbiology, Techn. Univ.

Munich; GPR43- and GPR109-KO mice were bred at the animal
facility of Memorial Sloan-Kettering Cancer Center [MSKCC],
and Reg3B-KO mice were bred and maintained at the animal
facility of UC San Diego."” Mice used for experiments were
7-12 weeks old and were housed in groups of 3-5 mice per cage
under specific pathogen-free [SPF] conditions with unlimited ac-
cess to water and food. Wild-type [WT] littermates were used as
controls. Germ-free C56BL/6] mice were bred at the gnotobiotic
facility of MSKCC and housed in Sentry SPP isocages for gnoto-
biotic animals [Allentown Inc.]. All experiments were performed
according to the permission and guidelines of the local ethical
committees and state veterinary office.

2.2. Antibiotic treatment, microbial colonization
and DSS colitis
2.2.1. Antibiotics
Mice received either a broad-spectrum antimicrobial treatment
according to a standard protocol'® with ampicillin [1 g/L], vanco-
mycin [500 mg/L], neomycin [1 g/L], metronidazole [500 mg/L] and
fluconazole [1 g/L; to prevent outgrowth of Candida'®] administered
via drinking water. Another batch of mice received a cocktail of
amipicillin [S00 mg/L] plus enrofloxacin [250 mgl/L] which we re-
cently found to also induce gut decontamination in mice.?
Alternatively, mice were treated with rifaximin [150 mg/kg, p.o.
gavage once daily; dose according to Xu et al.*']; controls received
PBS. Antibiotic administration was done for 10 days unless other-
wise stated in the text.

2.2.2. ASF colonization

Germ-free mice were colonized with an altered Schaedler flora [ASF]
obtained from Taconic Bioscience. Fresh ASF containing faecal pellets
were dissolved in sterile PBS under anaerobic conditions [Bactron an-
aerobic chamber, Shel Lab] and mice received p.o. gavages of this sus-
pension. Experiments were performed 2-3 weeks after colonization.

2.2.3. DSS colitis

Animals were treated with 2, 3 or 4% of DSS [MP Biomedical] via
drinking water for 5 days and then DSS was switched to tap water
for another 3 days as indicated for each experiment. Animal weights
were monitored daily and intestinal tissue was harvested at the end
of the experiments to assess colitis and regeneration.

2.3. Tissue harvest and processing

Mice were killed by cervical dislocation. Ileum, colon and caecum,
and caecal contents were harvested and immediately frozen at -80°C
for RNA extraction. Colon or ileum were also immersed in different
tissue fixation solutions for histological analyses.

2.3.1. RNA extraction, reverse transcription and qPCR

Total RNA was isolated from homogenized tissue using the RNeasy
Mini Kit [Qiagen] according to the manufacturer’s instructions
including on-column DNase digestion. RNA was converted to cDNA
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using a combination of random hexamer primers and M-MLV re-
verse transcriptase [Promega]. Subsequently, cDNAs were amplified
using a CFX384 qPCR cycler [Bio-Rad] or a QuantStudio 7 Flex RT
PCR system [Applied Biosystems]. The sequences of the gene-specific
primers are listed in Supplementary Table 1. GAPDH was used as
an endogenous control to normalize the target gene expression. For
analysis, the fold change for the target gene was calculated using the
2-24¢T method after normalization to controls.

2.3.2. Fixation

For Muc2-immunohistochemistry, a solution containing 60%
methanol, 30% chloroform and 10% glacial acetic acid was used
as fixation solution as described previously.?> A 4% formalin solu-
tion was used for H&E histology and Reg3B immunohistochemisty.
The tissue was fixated for up to 24 h at 4°C. Afterwards, a
standard dehydration procedure was performed followed by par-
affin embedding. Subsequently, intestinal tissue was sectioned into
4-um thin sections except for intestinal organoid immunofluores-
cence [see below].

2.4. Immunohistochemistry and histology

2.4.1. Muc2, Reg3B and Ki67 immunohistochemistry
Immunostaining was performed according to previously described
protocols.???3 For mucus visualization, sections were incubated
with an anti-Muc2 rabbit polyclonal antibody [H300, Santa
Cruz, 1:100 in blocking solution] at 4°C overnight. Following
incubation with primary antibody, tissues were washed in PBS
and incubated with goat anti-rabbit Alexa 488 antibody [1:100
in PBS] for 2 h and counterstained with DAPI [1:1000]. For Ki67
staining, paraffin-embedded tissue sections were deparaffinized,
boiled in sodium citrate buffer [pH 6.0, 10 min] for antigen re-
trieval, incubated with 3% hydrogen peroxide [10 min] at room
temperature, and finally blocked with 5% normal goat serum.
Anti-Ki67 rabbit monoclonal antibody [1:400; Cell Signaling
Technology] was incubated overnight at 4°C, and following
PBS washing a horseradish peroxidase [HRP]-conjugated anti-
rabbit secondary antibody [1:200; Promega] was added for
1 h at room temperature. Ki67 detection was performed with
3,3’-diaminobenzidine staining [SignalStain DAB Substrate Kit,
Cell Signaling Technology], and tissue was counterstained with
haematoxylin.

For Reg3B immunostaining, 4% paraformaldehyde [PFA]-fixed
organoids were incubated with a polyclonal sheep anti-mouse
Reg3B antibody [R&D Systems, 1:100 in blocking buffer], and as
secondary antibody an Alexa Fluor 594 donkey anti-sheep antibody
[dilution 1:500 in blocking buffer] was used. Ki67 staining was done
by co-incubating with anti-Ki67 rabbit monoclonal antibody [1:400;
Cell Signaling Technology], and as secondary antibody Alexa 488
goat anti-rabbit [dilution 1:500 in blocking buffer]. Sections were
cover-slipped with Vectashield mounting media [H-1000].

Haematoxylin and eosin [HE] staining for conventional histology
was performed according to a standard protocol. All images were ac-
quired with a Leica DMRBE microscope and the AxioCamMRm
and Axio vision imaging software 4.8.

2.4.2. Analyses

The width of the inner mucus layer was determined from the average
of four measurements per field with four fields measured per section.
Thickness measurements were done using the NIH Image] software.

Histological scoring of DSS colitis severity was done by assessing,
first, the infiltration with lymphocytes, second, the amount of oe-
dema and, third, the area of ulceration according to Knoop et al.**.
The scores were summed to a cumulative value between 0 and
9. Analysis of Ki67-stained sections was performed according to a
previously published protocol.? Briefly, tissue sections were assessed
for crypts with an open, straight lumen and a clearly visible base. All
of the epithelial cells in the crypt were counted and the percentage of
cells that showed nuclear staining for Ki67 in both basal and non-
basal regions was recorded. For each mouse, an average of ten crypts
was assessed. Scoring of inflammation and Ki67 staining was per-
formed in a blinded fashion.

2.5. Intestinal organoids

2.5.1. Cryptisolation

Isolation of crypts from small intestines of mice was done as pre-
viously described.?**” Briefly, after the mice were killed and intes-
tines were harvested, the gut was opened longitudinally and washed
with PBS. The luminal side was scraped using a glass slide to remove
intestinal contents and villous structures. To dissociate the crypts,
the intestine was cut into pieces, and they were incubated in EDTA
[20 mM] for 20 min at 4°C with gentle vortexing. After washing
with PBS the crypts were released by manual shaking of the suspen-
sion for 3 min. The supernatant was collected and passed through
a 70-um strainer. The remaining tissue pieces were resuspended in
PBS, again manually shacked, and passed through a 70-pm strainer.
The crypt-containing solution was centrifuged at 800 r.p.m. for
5 min at 4°C. The pellet was resuspended in Advanced DMEM/F12
[Invitrogen] and centrifuged at 600 r.p.m. for 5 min at 4°C to re-
move debris and single cells.

2.5.2. Organoid culture

The freshly isolated crypts were embedded directly in growth-factor-
reduced, phenol red-free Matrigel [BD Biosciences]. Droplets of
20 pL were cast at the bottom of 24-well plates and polymerized
for 15 min at 37°C. A crypt medium containing complete EGF/
Noggin/R-spondin-1 [ENR]-medium of advanced DMEM/F12
[Sigma Aldrich], 2 mM Glutamax [Invitrogen], 10 mM HEPES
[Sigma Aldrich], 100 U/mL penicillin/100 pg/mL streptomycin
[Sigma Aldrich], 1 mM N-acetyl cysteine [Sigma Aldrich], B27
supplement [Invitrogen], N2 supplement [Invitrogen], 50 ng/mL
mEGF [Peprotech], 100 ng/mL mNoggin [Peprotech] and 100 ng/
mL mR-spondin [Peprotech] was added to small intestine crypt
cultures.?® Medium was replaced every 2-3 days; for passaging of
organoids after 5-7 days of culture, organoids were mechanically
disrupted with a seropipette and cold media to depolymerize the
Matrigel and generate organoid fragments. After washing away the
old Matrigel by spinning down at 600 r.p.m., organoid fragments
were re-plated in liquid Matrigel and new crypt medium was added.
Organoids were treated with SCFAs by adding sodium butyrate,
sodium propionate and sodium acetate [all Sigma Aldrich] to the
crypt medium at concentrations of 1 and 5 mM for 10 h. The con-
centrations of SCFAs used in the present study were largely derived
from previous reports on the effects of SCFAs in intestinal organoids
and our own preliminary dose-response experiments.?® In separate
experiments, chemical organoid injury was carried out by adding
0.01% DSS to the organoid media for 10 h. After these treatments
organoids were harvested in TRIzol reagent [Invitrogen] to analyse
mRNA expression by qPCR.
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2.6. 16S rRNA analyses of faecal microbiota

2.6.1. DNA extraction

DNA was extracted from mouse stool samples by using QIAamp
DNA Stool Mini Kit [Quiagen] according to the manufacturer’s
manual and stored at ~20°C until further use.

2.6.2. qPCR target sequencing of 16S rRNA

Faecal DNA [diluted to 10 ng/pL] was analysed for relative abun-
dances of selected 16S rRNA targets applying a previously pub-
lished real-time PCR-based Gut Low-Density Array [ GULDA].>3
The target genes represent major taxonomic groups within
the five predominant bacterial phyla of the gut, Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia
and Euryarchaeota: Firmicutes, Lactobacillus spp., Clostridia
clusters IV and XIVa, Enterococcus spp., Bacteroidetes, Prevotella
spp., Alistipes spp., Bifidobacterium spp., Enterobacteriaceae,
Akkermansia muciniphila, Methanobrevibacter smithii and
Desulfobrivio spp. Primers are listed in Supplementary Table
1. qPCR efficiencies for each amplicon were calculated by
LINREGPCR software, and the efficiencies for each amplicon
group were then used to determine the initial concentration N of
the DNA target [i.e. 16S rRNA gene]. Finally, the relative abun-
dance of the each specific amplicon group was obtained by nor-
malization to the N -value obtained for the universal bacterial
amplicon group determined in the same array.”” For the com-
parison of total 16S rRNA amounts, N -values from antibiotic-
treated mice were normalized to non-treated controls.

2.6.3. 16S rRNA amplicon sequencing

In a validation experiment for targeted 16S rRNA sequencing, faecal
16S rRNA DNA was amplified by PCR [30 cycles; AccuPrime Il Taq
DNA polymerase, Invitrogen] using primers directed against the V3
region of the 16S rRNA. Amplicon sequencing was performed on an
Ion PGM platform [Life Technologies] applying 400-bp sequencing
kits and 314v2 chips according to the manufacturer’s instructions.
Base calling and run demultiplexing were performed by using
TorrentServer software, version 3.6.2, with default parameters for
the general sequencing application. Sequences were analysed using
the MetaGenome Rapid Annotation using Subsystem Technology
[MG-RAST] pipeline.?' Sequences with distance-based similarity of
at least 97% were assigned the same OTU [operational taxonomic
unit] and taxonomy assignments were done using the RDP reference
database.

2.7. Analysis of short-chain fatty acids

SCFA levels from caecal contents and faeces were determined by 'H-
NMR spectroscopy using a UNITY INOVA 600 NMR spectrometer
[Varian] as previously described.’?> Spectra were analysed using the
Chenomx NMR software.

2.8. Statistical analyses

Data are presented as mean = standard error of the mean [SEM].
Data were analysed by one-sample #-tests for gene expression
results and by unpaired #-tests for 16S rRNA results and histo-
logical scores. Two-factorial analyses of variance were performed
for weight data of the DSS experiments. Analyses were performed
using GraphPad Prism 7.0 [GraphPad] and R software [The R
Project for Statistical Computing]. Statistical significance was ac-
cepted at p < 0.05.

3. Results

3.1. Antibiotic-induced microbiota injuries reduce
Reg3B expression
To investigate whether the gut microbiota is involved in intes-
tinal Reg3B expression, C57BL/6 mice were treated either with a
broad-spectrum antibiotic cocktail [AMT; ampicillin, vancomycin,
neomycin, metronidazole] or with the non-absorbable, narrow-
spectrum antibiotic rifaximin [RFX]** to induce varying degrees of
microbial dysbiosis. We observed that AMT and RFX treatments sig-
nificantly reduced Reg3B expression in the mouse caecum almost to
a level of germ-free [GF] mice that served as a reference [Figure 1A].
In contrast, the expression of the Reg3G lectin showed only a trend
towards lower levels after RFX treatment and in GF mice [Figure 1A
and Supplementary Figure 1B], but was significantly reduced in AMT
mice. The expression of IL-22, an upstream regulator of Reg3B, was
not significantly changed after REX treatment (Figure 1A; IL-22 pro-
tein levels in ileal homogenates were not different between RFX-
and PBS-treated mice [data not shown]). The reduction in Reg3B
expression after RFX administration was also observed in the small
intestine and the colon [Supplementary Figure 1A for small intestine
and colon]. Notably, intraperitoneal administration of recombinant
murine IL-22 [rmIL-22] rescued the RFX-induced downregulation
of Reg3B [Supplementary Figure 1C]. Expression levels of lyso-
zyme or cryptidin-4, representing other classes of mouse defensins,
were not changed after RFX treatment [Figure 1B]. We further in-
vestigated Reg3B expression in mice deficient for MyD88, a major
component of microbial stimulated TLR signalling. We found a sig-
nificantly lower expression of Reg3B in MyD88 knock-out [KO]
mice compared to littermate controls at steady state in the caecum
[Figure 1C], confirming previous observations on the effect of TLR
signalling in the regulation of Reg3 lectins.”

16S rRNA analyses from faeces of antibiotic-treated mice was
performed using a qPCR approach with primers selected for spe-
cific taxa [GULDA»*]. AMT treatment depleted the gut micro-
biota as shown by a significant reduction in universal bacterial
amplicons, whereas RFX administration did not change the total
bacterial load in mice [Figure 1D]. Analysing selected bacterial taxa
by GULDA, we found that RFX treatment significantly reduced the
relative abundance of Firmicutes, Clostridia Clusters IV and XIVa,
Akkermansia muciniphila and Alistipes spp., but it significantly in-
creased Bifidobacterium spp., Prevotella spp. and Enterobacteriaceae
with a trend towards a higher relative abundance of Bacteroidetes
[Supplementary Figure 1D]. To validate the results of the 16S rRNA
qPCRs, we performed 16S rRNA amplicon sequencing on an Ion-
PGM sequencer, and again found a reduction of Clostridiales and an
increase in Bacteroidales [Figure 1D].

3.2. RFXtreatment reduces luminal short-chain
fatty acids
Clostridia clusters IV and XIV contain the genera Clostridium,
Faecalibacterium, Ruminococcus, Lachnospira and Eubacterium.>*
Clostridia deploy several enzymes capable of degrading polysacchar-
ides, either endogenous or dietary in origin, into SCFAs with acetate,
propionate and butyrate as the most abundant SFCAs.* These
compounds can activate host cells via signalling through G-protein
coupled receptors, such as GPR43 with high affinities to acetate and
propionate and GPR109 with high affinity to butyrate.?*”

Given that RFX treatment leads to a depletion of intestinal
Clostridia and also reduces Reg3B expression, we hypothesized
that SCFA signalling is involved in the regulation of gut mucosal
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Figure 1. Antibiotic-induced Reg3 modulation and microbiota changes. [A] mRNA levels of Reg3B [left], Reg3G [middle], I-22 [right] in the caecum after
treatment with an antibiotic cocktail [AMT, ampicillin, neomycin, vancomycin, metronidazole], rifaximin [RFX] or in germ-free [GF] mice compared to untreated
SPF mice [CTR]. [B] mRNA levels of lysozyme and cryptidin-4 after RFX treatment. [C] Expression of Reg3B in MyD88-KO mice at steady-state compared to
littermate WT mice. [D] Total bacterial load assessed by 16S rRNA gPCRs after AMT [left], or RFX treatment [middle]; right, OTU binning on order level of faecal
microbiota in RFX vs CTR mice. Data are means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n=6-20 mice per group.

Reg3 lectins. In a first approach, we analysed Reg3 mRNA expres-
sion in mice lacking GPR43 or GPR109 and observed significantly
lower levels of Reg3B in GPR43- and GPR109-KO mice and signifi-
cantly less expression of Reg3G in GPR109-KO mice compared to
WT animals [Figure 2A]. Next, we investigated gut luminal SCFA
levels after RFX treatment. Intriguingly, the RFX-induced deple-
tion in Clostridia XIV bacteria was accompanied by a significant
reduction of butyrate and propionate in caecal contents and less
acetate in the faeces when compared to controls [Figure 2B, C]. In
contrast, succinate was increased in caecal contents after RFX treat-
ment [Figure 2B]. We next measured the concentrations of SCFAs
in the caecal contents of WT and GRP43-KO mice and observed
no genotype-related differences at steady state [when receiving PBS].
RFX treatment reduced propionate, and to a lesser extent butyrate,
in WT mice, and the same trend was observed in GPR43-KO mice
[Supplementary Figure 3A], which is also reflected by a similar com-
position of SCFA-producing bacteria in the faeces of both WT and
GPR43-KO mice, as described previously.*®

SCFAs have been reported to increase mucus production and se-
cretion.* We therefore tested whether RFX treatment reduced the
thickness of the inner mucus layer. We could not detect any changes
in its thickness, suggesting that several additional factors other than
SCFAs contribute to gut mucus layer formation [Supplementary
Figure 1E; AMT served as a positive control].

3.3. Propionate induces Reg3 expression via SCFA
receptor signalling

We next studied whether SCFAs directly regulate Reg3B expression
on IECs using intestinal organoids, a reductionist i vitro system
to investigate gene expression regulation on the level of IECs. The
reason for using organoids derived from small intestinal epithelium
as a model system to investigate the regulation of Reg3s is that we
have previously established small intestinal organoids as a model for
testing SCFA effects.'® Furthermore, the levels of expression of Reg3B
or -G and also for the SCFA receptor GPR43 are comparable across
different parts of the intestine in SPF mice,**> which allows us to use
either small or large intestinal organoids to study the interaction of
both. We chose butyrate, propionate and acetate as all were found
reduced in faeces and/or caecal contents after RFX treatment. We ad-
ministered sodium butyrate to the organoid media at doses reported
to be effective in organoid growth.'* We did not find any changes in
Reg3B expression after 1 mM butyrate treatment. Higher doses of
sodium butyrate [5 mM] even reduced the expression of Reg3B and
Reg3G [Supplementary Figure 4A]. This could be due to toxic effects
as the cell cultures showed apoptotic cells, a phenomenon already
reported for butyrate.’ In contrast, treatment of intestinal organoids
with sodium propionate significantly upregulated Reg3B and Reg3G
[Figure 3A; significant effect for Reg3B with 1 mM and for Reg3G
with 1 and § mM propionate]. Sodium acetate incubation did not
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Figure 2. Reg3 expression in GPR43 and GPR109-KO mice and luminal SCFA reduction after antibiotic treatment. [A] mRNA levels of Reg3B or -G expression
in the caecum of GPR43- [left] and GPR109-KO mice [right] mice compared to WT controls. [B] Caecal luminal contents of butyrate, propionate, acetate and
succinate after RFX treatment measured by 'H-NMR. [C] Levels of butyrate, propionate, acetate and succinate analysed in faeces after RFX treatment. Data are

means + SEM. *p <0.05, ***p < 0.001; n=8-15 mice per group.

show a significant effect on Reg3 expression. In a proof-of-concept
experiment, we stained Reg3B protein in intestinal organoids after
propionate incubation [1 mM, 12 h] using immunofluorescence-
based confocal imaging. Propionate treatment, and rmIL-22 stimu-
lation as a reference, induced a brighter cytoplasmic Reg3B signal
in organoid enterocytes with several high Reg3B-positive cells com-
pared to non-treated, naive mouse organoids [Supplementary Figure
2]. In unstimulated cells, Reg3B staining was mainly observed at
the basal compartment, reflecting the Reg3B staining pattern in the
small intestines of mice at steady state.** As propionate and acetate
mainly signal through GPR43, we also investigated the expression
levels of GPR43 itself in the intestinal organoids after SCFA stimu-
lation and found no changes after SCFA treatment. Only the high
dose of acetate [5 mM] had an effect, indicating an internalization/
feedback process [Figure 3B].

SCFAs can modulate target cell function beyond GPR43
signalling, for example by chromatin remodelling.'® To test whether
GPR43 is mediating SCFA effects on Reg3B expression, we incu-
bated intestinal organoids from GPR43-KO mice with propionate
or acetate and found no induction of Reg3B or Reg3G expression
[Figure 3B]. In the organoid system, both Reg3 proteins were ex-
pressed at similar levels between WT and GPR43-KO mice at
steady state, and growth measured as organoid area was similar
[Supplementary Figure 3B].

In another approach, we investigated whether propionate
can also induce intestinal Reg3B expression in vivo. GF mice re-
ceived either sterile sodium propionate via drinking water [doses
according to Smith et al.*] or were colonized with an ASF that

contains acetate- and propionate-producing strains but almost
no butyrate producers.*® We observed a significant induction of
Reg3B and Reg3G in caecal tissue of gnotobiotic ASF mice com-
pared to GF mice [Figure 3C]. Propionate treatment induced a
significant increase in caecal Reg3G and a trend towards higher
Reg3B expression compared to GF mice [Figure 3C]. ASF strains
produced propionate and acetate as measured in caecal contents
of colonized mice [Figure 3C; Supplementary Figure 4B], whereas
the levels of these SCFAs and butyrate were below detection limits
in caecal contents from mice treated with sodium propionate or
GF controls.

3.4. Reg3B and propionate protect against DSS-
induced colitis and promote regeneration

Beyond a function as an antimicrobial protein, Reg3 proteins have
been demonstrated to promote regeneration after tissue injury.*
Given that gut microbiota and microbial metabolites influence IECs
to maintain homeostasis in inflammatory states,' we hypothesized
that Reg3B and propionate as the major SCFA regulating Reg3 ex-
pression may also play an important role in colitis.

In a first experiment, Reg3B-KO mice and WT littermate con-
trols received 2% DSS to induce an acute, chemical colitis. As
shown in Figure 4A, Reg3B-KO mice showed a more severe DSS
colitis compared to WT littermates, as observed by significantly
higher histological colitis scores, although the weight loss was not
significantly different between the two genotypes. As Reg3B is con-
sidered to contribute to tissue regeneration, we performed a Ki67
immunohistochemistry staining of colon sections and found a


http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa065#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa065#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa065#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjaa065#supplementary-data

1468

D. Bajic et al.

A Intestinal organoids

Reg3B Reg3G
< 10 . o CTR - 4 o CTR
2 41 o « °PROPImM .S o PROP 1 mM
Z 3 . . °“PROPsSmM  § 3 .® 8 PROP 5mM
e, °® SACETImM & 5| o %o e o ACET 1 mM
5 21 %% 0 % s ACETSmM & . i 5 ¥ *ACETSnM
28 b oep & £ o =)
E I E S Y RER R R
Z b & e Z °
0 0
B Intestinal organoids
GPR43 Reg3B [GPR43-KO] Reg3G [GPR43-KO]
o 4 o CTR c 4 o CTR - 4 o CTR
F 3 e PROPImM -2 °PROPImM & . o PROP 1 mM
s @ PROPSmM & e ACET SmM S e ACET SmM
g, ¢ ACET1mM &, £,
S e ACETSmM  © 5 °
E 1 E 1 :
o o o
Z 0 Z 0 Z
C  Gnotobiotic mice
Reg3B Reg3G Propionate
2 12 GF-CTR £ 12 o GF-CTR g 30 o ©GFCIR
2 10 PROPS0mM 'z 1 o PROPSOmM 2 © PROP 50 mM
g g PROP150mM & ¢ @ PROP 150mM = @ PROP 150 mM
o o * > e ASF
& . ASF & L e ASF g
£ 4 E 4 g
s 2 S b=
Z 0 ) Z 0 =1

Figure 3. Reg3 regulation by SCFAs. [A] Expression of Reg3B [left] and Reg3G [right] in small intestinal organoids after adding sodium propionate or sodium
acetate to culture media. [B] Left, mRNA levels of GPR43 in small intestinal organoids after sodium propionate or sodium acetate treatment; right, Reg3B and
Reg3G expression levels after SCFA treatment in small intestine organoids derived from GPR43-KO mice. [C] Caecum mRNA expression levels of Reg3B [left]
and Reg3G [middle] in GF mice after oral treatment with propionate or in ASF gnotobiotic mice compared to GF controls [GF-CTR]; left, '"H-NMR analyses of
propionate in caecal contents after propionate treatment or ASF colonization [n.d.: not detected/below level of detection]. Data are means + SEM. *p < 0.05; S|
organoids: n=4-18 biological replicates per group; gnotobiotic study: n=8-13 mice per group.

significantly reduced proportion of proliferating, Ki67-positive cells
in crypts of DSS-treated Reg3B-KO mice. Supplementary Figure SA
shows the faecal microbiota composition of WT and Reg3B-KO
mice at steady state.

Next, we investigated whether propionate, a major inducer of in-
testinal Reg3, modifies the DSS colitis phenotype. Propionate treat-
ment [S0 mM, via drinking water] significantly attenuated acute
colitis-related weight loss and tissue injury, and enhanced crypt
proliferation as seen by an increased number of Ki67-positive cells
[mainly on day 8 after start of DSS], a surrogate for tissue regener-
ation [Figure 4B].

We followed an additional batch of WT mice until day 14 and
observed that propionate-treated mice recovered slightly faster
after DSS injury [Supplementary Figure 5B] Propionate treatment
upregulated Reg3B and -G expression in the colon of DSS-treated
mice [Supplementary Figure 5C]. RFX treatment had only minor
effects on DSS-induced colitis. Mice were pretreated with RFX
for 7 days and received DSS afterwards. We observed a trend to-
wards more weight loss (ANOVA [interaction treatment x time]:
Fyq=1.53,p=0.18], and a higher colitis score [p = 0.11] in RFX-
treated mice [Supplementary Figure 5D]. We further treated mice
with ampicillin plus enrofloxacin [AE],>* which we reported to de-
plete SCFAs such as propionate in the gut.*’ To investigate whether
propionate depletion affects proliferation and crypt regeneration
after injury, we administered AE to DSS-treated mice and observed

significantly reduced Ki67-positive cells in the crypts of antibiotic-
treated mice compared to non-AE DSS-treated mice [Supplementary
Figure SE].

We further translated the DSS-induced gut injury into the i vitro
organoid model by adding 0.01% DSS for 10 h to the organoid cul-
ture medium before tissue harvest. This chemical injury induces disin-
tegration of the 3D culture and apoptosis of enterocytes [Figure 4C],
and is associated with a significant reduction in the expression of
leucine-rich repeat-containing G-protein coupled receptor 5 [Lgr5]
and olfactomedin 4 [Olfm4] [Figure 4C]. Lgr5 is expressed in in-
testinal stem cells of the crypt base and Olfm4 is another marker
for LgrS+ stem cells in the intestines*®*’; the expression of these
markers is considered a surrogate for adult stem cells in the gut.’
Adding rmReg3B to the culture media during the DSS challenge re-
versed the DSS-induced reduction of LgrS and Olfm4 expression in
mouse organoids [Figure 4C]. Similarly, treating the organoids with
propionate [1 mM)] also reversed the DSS-accompanied reduction
of Olfm4 reduction in organoids, but had little effect on Lgr5 ex-
pression [Figure 4D]. We also assessed the expression of clusterin, a
multifunctional protein involved in cell proliferation, differentiation
and survival of cells.’! It is also enriched in Lgr5+ intestinal stem
cells’? and is specifically upregulated in these stem cells after tissue
damage.>® Here, we observed that the expression of clusterin is also
upregulated in DSS-treated intestinal organoids, and administration
of propionate further augments its expression [Figure 4D, right].
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Figure 4. Reg3B modulates DSS colitis. [A] Body weight changes [left] and histological scores [middle] of inflamed gut epithelium during/after a 2% DSS
treatment of Reg3B-KO mice vs controls; right, per cent Ki-67+ cells per total cells per colon crypt in WT vs Reg3B-KO mice. Representative DSS day-8 images of
colon sections stained with haematoxylin and eosin. [B] Body weight changes [left], histological scores [middle] and Ki-67 staining of colon crypts [right] in WT
mice treated with propionate [50 mM] vs control and 3% DSS for another 5 days; propionate was administered 2 days before DSS until tissue harvest on day 8
or 14. [C] Expression of Lgr5 [left] and Olfm4 [right] in small intestinal organoids after adding recombinant murine Reg3B [100 pM] and/or 0.01% DSS to culture
media; photomicrographs of non-treated [CTR] and DSS-treated [DSS] organoids. [D] mRNA expression in organoids of Lgr5, Olfm4 or clusterin after adding
propionate [PROP, 1 mM] and/or 0.01% DSS to the culture media. Data are means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. S| organoids: n=7-10 biological

replicates per group; mouse experiments: n=7-12 mice per group.

4. Discussion

In the present study, we observed that broad- and narrow-spectrum
antibiotic treatment in mice reduced the intestinal expression of the
antimicrobial Reg3 peptides. As a putative mechanism, antibiotic-
induced reduction of Clostridia strains and the consecutive deple-
tion of SCFAs, specifically propionic acid, are postulated to underlie
Reg3B modulation on IECs.

Both AMT as a broad-spectrum antimicrobial treatment and
RFX, a more selective antibiotic drug used for traveller’s diarrhoea
or to treat hepatic encephalopathy,**** downregulated Reg3B expres-
sion in several parts of the intestinal tract. AMT significantly depleted
the gut flora as observed by 16S rRNA qPCR and downregulated
Reg3B almost to a level of GF mice, which are reported to have
low expression levels of Reg3 AMPs.>*¢ In contrast, RFX did not
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reduce the total faecal microbial load, which has been observed pre-
viously in a rat model and in clinical studies.***”% In addition, it
also spared an intact mucus layer. Overall, REX induced shifts in the
composition of the microbiota with a reduction of Firmicutes, espe-
cially bacteria from Clostridia Clusters IV and XIV, and an increase
in Bidiobacterium spp., Prevotella spp. and Enterobacteriaceae, re-
flecting a dysbiotic state of the gut microbiota. These composition
changes in the gut’s microbial ecosystem and a modest effect of RFX
on bacterial richness have been observed in other RFX treatment
studies® and contrast with its potent effects on aerobic and anaer-
obic bacteria in vitro.** Given that Enterobacteriaceae are signifi-
cantly enriched after RFX treatment, a bacterial family of potent
lipopolysaccharide producers, the TLR pathway does not appear to
be involved in the reduced Reg3B expression after RFX treatment.
An alternative mechanism regulating Reg3B expression is the pro-
duction of SCFAs by certain microbial species. As RFX treatment
reduced Clostridiales, which are major SCFA producers, we investi-
gated their luminal levels after treatment and observed significantly
less butyrate, propionate and acetate, mainly in the caecum. We also
attempted to measure SCFAs in ileal contents, but butyrate and pro-
pionate as major SCFAs affected by RFX could not be reliably de-
tected. Intriguingly, a clinical study also observed less butyrate after
RFX treatment in patients with irritable bowel syndrome.®' Along
these lines, we observed that mice deficient in GPR43, a major re-
ceptor for SCFA signalling, also showed lower levels in Reg3B com-
pared to controls, thereby confirming another recent study that
reported lower expression of Reg3G and other beta-defensins in
GPR43-KO mice.® In their study, the authors also found that bu-
tyrate administration in mice or iz vitro to IECs is able to upregulate
Reg3G expression in a STAT3-dependent manner.

Using the intestinal organoid system, we also investigated the ef-
fects of different SCFAs on in vitro Reg3 expression. Here, we did
not find butyrate to be able to induce Reg3B or Reg3G, but rather
an opposite effect, which might be caused by toxic effects of butyrate
to IECs in high concentrations. Instead, propionate, and to a lesser
extent acetate, were found as potent inductors of Reg3B and Reg3G
expression in vitro. Treating intestinal organoids from GPR43-KO
mice with SCFAs did not change Reg3 expression, indicating the
propionate-induced Reg3 expression depends on GPR43 signalling.
To confirm our findings iz vivo, we colonized GF mice with ASF, a
synthetic commensal gut flora harbouring propionate- and acetate-
producing strains, and found a significant induction of intestinal
Reg3B and Reg3G expression. Oral treatment with propionate had
a modest, dose-dependent effect on lectin expression, perhaps due
to potential absorption in proximal parts of the GI tract and SCFA
amounts below the detection limit in the caecum. Another line of
evidence for an important role of SCFA modulation of Reg3B ex-
pression on the level of IECs comes from the observation that RFX
treatment did not change IL-22 expression. IL-22 is produced by
different types of immune cells located in the lamina propria of the
intestines®> and is considered a major upstream signal for AMP ex-
pression on enterocytes via STAT3 signalling.t4¢5

Finally, we investigated whether Reg3 and propionate play a role in
maintaining mucosal homeostasis during colitis by analysing the effects
of DSS as a colitogenic agent in our animal models. First, using a gen-
etic KO approach, mice deficient in Reg3B showed a significantly more
severe colitis phenotype and less crypt regeneration as determined by
Ki67 compared to their WT littermates. As we and others have shown,
Reg3B KO mice have a slightly different faecal microbiota compos-
ition compared to WT mice at steady state.® To exclude that this colitis
phenotype is caused by gut microbiota dysbiosis or enhanced bacterial

translocation, faecal transfer of KO flora into GF mice could give more
insights, but may be biased because of an induction of Reg3 antimicro-
bial peptides.> On the other hand, propionate treatment in WT mice
attenuated DSS-induced colitis and promoted crypt regeneration in
vivo and in the organoid model. Although propionate can induce the
expression of Reg3 in the epithelium, it has several other actions on
the mucosa as well,*® which can explain the increase in proliferation.
Reg3B itself, however, can stimulate intestinal stem cells upon tissue
injury as observed in vitro in the gut organoid model.

We further investigated whether RFX pretreatment and a con-
secutive reduction of SCFAs and Reg3B increases the severity of
DSS colitis as SCFA-GPR43 signalling has been shown to protect
the host against chemical colitis®® or a T-cell transfer model of col-
itis.* RFX treatment increased DSS colitis severity compared to con-
trols, but without statistical significance. At this point we cannot
exclude that DSS plus RFX led to additional microbiota changes that
may have counteracted the loss of Clostridiales that we observed
at steady-state levels. In addition, there is evidence that RFX exerts
beneficial effects on host physiology as a drug itself that occur in-
dependent of microbiota changes. For instance, it has been shown
that it mitigates pro-inflammatory processes in vitro.#”-%° Of note,
evidence for a microbiota-dependent effect of Reg3 in colitis comes
from a recent report showing that transgenic hepatic overexpression
of Reg3A being secreted into the gut lumen via bile preserves gut
microbiota from oxidative stress and thereby prevents inflamma-
tion.” Alternatively, a loss of Reg3 could also aggravate inflamma-
tory lesions by impaired regeneration, as this lectin is hypothesized
to drive tissue repair after injury in the skin,* the pancreas’ or the
liver.”? In addition, it could affect macrophage trafficking to control
immune cell infiltrations—an effect described in the heart during ex-
perimental myocardial ischaemia.”

In conclusion, our results suggest a novel mechanism by which
specific members of the gut commensal microbiota can regulate epi-
thelial homeostasis and defence in the gut. It also suggests a novel
role of Reg3 in the gut acting beyond a simple antimicrobial peptide.
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