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Proteolytic processing of galectin-3 by meprin
metalloproteases is crucial for host-microbiome
homeostasis
Cynthia Bülck1, Elisabeth E. L. Nyström1, Tomas Koudelka2, Michael Mannbar-Frahm3,
Gerrit Andresen3, Mariem Radhouani4, Florian Tran5, Franka Scharfenberg1, Friederike Schrell1,
Fred Armbrust1, Eileen Dahlke6, Bei Zhao7, Alex Vervaeke4, Franziska Theilig6, Philip Rosenstiel5,
Philipp Starkl4, Stephan P. Rosshart7,8, Helmut Fickenscher3, Andreas Tholey2,
Gunnar C. Hansson9, Christoph Becker-Pauly1*

Themetalloproteasesmeprin α andmeprin β are highly expressed in the healthy gut but significantly decreased
in inflammatory bowel disease, implicating a protective role in mucosal homeostasis. In the colon, meprin α and
meprin β form covalently linked heterodimers tethering meprin α to the plasma membrane, therefore present-
ing dual proteolytic activity in a unique enzyme complex. To unravel its function, we applied N-terminomics and
identified galectin-3 as the major intestinal substrate for meprin α/β heterodimers. Galectin-3–deficient and
meprin α/β double knockout mice show similar alterations in their microbiome in comparison to wild-type
mice. We further demonstrate that meprin α/β heterodimers differentially process galectin-3 upon bacterial in-
fection, in germ-free, conventionally housed (specific pathogen–free), or wildling mice, which in turn regulates
the bacterial agglutination properties of galectin-3. Thus, the constitutive cleavage of galectin-3 by meprin α/β
heterodimers may play a key role in colon host-microbiome homeostasis.
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INTRODUCTION
The entire gastrointestinal tract is covered by amucus layer that pro-
tects the intestinal epithelium against potential toxic compounds
and shields the epithelium from commensal and pathogenic bacte-
ria (1, 2). Both an intact mucus layer and host-microbiome interac-
tions are critical for health and disease and are related to infection
and inflammation such as inflammatory bowel disease (IBD) (3).
The metalloproteases meprin β and, particularly, meprin α are
highly abundant in the gut, and the expression of mep1a is suggest-
ed as a marker gene for mature distal enterocytes (4). However,
meprins are significantly decreased in inflamed intestinal tissue of
patients with IBD (5–7). This could implicate that the expression of
meprin metalloproteases in the gut has a protective biological func-
tion for mucosal and microbiome homeostasis. In the small intes-
tine, meprin β is responsible for cleavage and detachment of the
major mucus component mucin-2 (MUC2), thereby preventing
bacterial overgrowth and infection (8, 9). Proteolysis of MUC2 by
meprin β is stimulated by the microbiome, supported by the obser-
vation that germ-free mice exhibit mucus strongly attached and ac-
cumulated to the epithelium (8). Consequently, the host-

microbiome interaction seems to play an important role in the pro-
teolysis-driven mucosal homeostasis. Although the function of
meprin β in the small intestine is well characterized, the exact func-
tion of the protease and its close relative meprin α in the large in-
testine remains elusive. Meprin α and meprin β are zinc
endopeptidases of the astacin family of the metzincin superfamily
and are apart from the intestine also highly expressed in the
kidney brush boarder (4, 10–12). Meprin α and meprin β are
heavily glycosylated multidomain type I transmembrane proteins.
The main structural difference between meprin α and meprin β is
the so-called “inserted” domain in meprin α, which contains a furin
cleavage site. Meprin α is thus constitutively cleaved by furin in the
secretory pathway, resulting in secretion of the protein. Homo-
dimers of meprin α can combine to form noncovalent oligomers
after secretion (13–15), whereas the meprin β dimer is predomi-
nantly membrane-bound on the cell surface. However, the inactive
proform of meprin β can also be shed from the cell surface by a dis-
integrin and metalloprotease 10 (ADAM) and ADAM17 as well as
membrane type 1 matrix metalloproteinase (MT1-MMP) (16–19).
When meprin α and meprin β are coexpressed, particularly in the
colon, they form a covalently linked heterodimeric complex in the
early endoplasmic reticulum, which is transported to the cell
surface, retaining meprin α on the plasma membrane (7).
However, the functional consequence and the intestinal substrates
for the meprin α/β heterodimer remain elusive.

To unravel the intestinal role of meprin α/β heterodimers with
regard to chronic colitis, we aimed to identify intestinal substrates
for this unique enzyme complex. Via mass spectrometry (MS)–
based N-terminomics, we identified galectin-3 as a colonic substrate
for themeprin α/β heterodimers. Notably, lgals3, such asmep1a and
mep1b, is described as a marker gene for enterocytes (4). Galectin-3
is a 31-kDa chimeric-type member of the growing family of soluble
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β-galactoside binding lectin proteins (20). Among all galectins, ga-
lectin-3 is structurally unique consisting of a nonlectin N-terminal
tail containing proline/glycine-rich repeating motifs, which facili-
tates its multimerization and a C-terminal carbohydrate recognition
domain (CRD) (21).

Within the intestinal tract, galectin-3 is predominantly expressed
in enterocytes of the villus tips (22) and is described to interact with
MUC2 (23). Galectin-3 has also been demonstrated to interact with
and agglutinate commensal and pathogenic bacteria, which pro-
vides evidence that galectin-3 may be important for host-micro-
biome homeostasis (24–27). As reported for meprins, decreased
expression of galectin-3 is associated with IBD (28–30). In addition,
galectin-3 knockout mice suffered from a more severe disease pro-
gression in a dextran sulfate sodium (DSS)–induced colitis
model (31).

In this study, we demonstrate that galectin-3 undergoes consti-
tutive proteolytic processing by the meprin α/β heterodimer in
colonic mucosa and that this processing alters depending on bacte-
rial load and composition. Furthermore, we show that cleavage of
galectin-3 by meprin α/β heterodimers regulates bacterial aggluti-
nation and is crucial for the composition of the gut microbiome.

RESULTS
N-terminomics analysis identified galectin-3 as a colonic
substrate for meprin α/β heterodimers
To elucidate the physiological function of the meprin α/β hetero-
dimers within the gut, we performed N-terminomics by MS-
based HYTANE (hydrophobic tagging-assisted N termini enrich-
ment) analysis of colon samples excluding the caecum from wild-
type mice, meprin α knockout (mep1a−/−), meprin β knockout
(mep1b−/−), and meprin α and meprin β double knockout
(mep1a/b−/−) mice (Fig. 1A) and screened for putative previously
unknown proteolytic substrates. For meprin α/β heterodimers,
492 highly confident proteolytic cleavage events were identified
(Fig. 1, B and C), which were associated with neutrophil degranu-
lation or the adaptive immune system as revealed by Metascape
analysis (fig. S1, A to C) (32). As we were particularly interested
in substrates that are cleaved by the meprin α/β heterodimers, we
selected for the high confident proteomic hits that were identified
in the meprin single knockout and in the double knockout mice.
The meprin α/β heterodimer is localized at the apical cell surface
of enterocytes. We therefore sorted the identified N termini for ex-
tracellular substrates. Furthermore, we are predominantly interested
into mucosal biology and its impact on the epithelial-microbiome
interface. On the basis of these criteria, the best candidate substrate
was galectin-3 (Fig. 1, B and C). In conclusion, our N-terminomics
data revealed that galectin-3 is cleaved by meprins within its N-ter-
minal tail near the C-terminal CRD (amino acids 132 to 264)
between Ser112 and Gly113 as well as between Gly114 and Tyr115.

Meprin α/β heterodimers constitutively cleave galectin-3 in
the colon
To further confirm the in vivo proteolytic processing of galectin-3
by meprin α/β heterodimers, immunoblotting of colonic tissue
from wild-type, mep1a−/−, mep1b−/−, and mep1a/b−/− mice was
performed (Fig. 2A and fig. S2). Notably, in tissue lysates of the
entire colon of wild-type mice no full-length, only cleaved forms
of galectin-3 with molecular masses of approximately 17 and 20

to 25 kDa could be detected. In contrast, in the mep1a−/−,
mep1b−/−, and mep1a/b−/− mice, cleavage of galectin-3 was
completely abolished, and only the full-length form of galectin-3
(~32 kDa) was visible. Hence, both meprin α and meprin β are re-
quired for the cleavage of galectin-3 in the colon under physiolog-
ical conditions.

To investigate whether galectin-3 cleavage by the meprin α/β
heterodimers takes place exclusively in the colon, we also examined
whole tissue lysates of the kidney and the lung of wild-type,mep1a−/

−, mep1b−/−, and mep1a/b−/− mice and as a controllgals3−/− mice
(fig. S3, A and B). In the kidney of wild-type mice, where meprin α
and meprin β are also known to be highly expressed, only the pro-
teolytically processed and no full-length form of galectin-3 was de-
tectable. Similar to the colon, galectin-3 cleavage was completely
abrogated in the kidneys of mep1a−/−, mep1b−/−, and mep1a/b−/−

mice (fig. S3A). In the lung, where the meprins are poorly expressed
and not detectable via immunoblotting under physiological condi-
tions, no galectin-3 processing was observed (fig. S3B). These
results demonstrate that the cleavage of galectin-3 is organ-specific
and depends on the expression of meprin α/β heterodimers.

As control experiment to assess whether the abolished galectin-3
cleavage in mep1b−/− mice can be rescued by reexpression of
meprin β, we used Cre-inducible Rosa26mep1b-HA mice. These
Cre-inducible Rosa26mep1b-HA mice contain a CAG promotor, a
loxP site-flanked neomycin-Westphal stop cassette and the cDNA
of hemagglutinin (HA)–tagged murine meprin β in the Rosa26
locus (Fig. 2B). Crossing of mep1b−/−;Rosa26mep1b-HA mice with
villin-Cre transgenic mice leads to Cre-mediated recombination re-
sulting in tissue-specific deletion of the stop cassette and expression
of meprin β–HA in enterocytes. Consequently, themep1b−/−;VilCre-

;Rosa26
mep1b-HA

mice have an overall meprin β knockout with reex-
pressed meprin β–HA in epithelial cells of the small and large
intestines. In these mice, the galectin-3 cleavage could be complete-
ly rescued in the colon compared to mep1b−/− mice (Fig. 2B).
Notably, we have previously shown that, compared to its homomer-
ic form, meprin α is differentially glycosylated within the heterodi-
meric complex with meprin β, which explains the slight band shift
for meprin α between the different genotypes (7). In addition, N-
terminomics analysis of colonic tissue from mep1b−/−;VilCre-

;Rosa26
mep1b-HA

mice revealed no alterations in abundance of the pro-
teolytic fragments of galectin-3 compared with wild-type animals
(fig. S3C).

Galectin-3 is known to be released by the cell through a nonclas-
sical secretory pathway (33) but can also be localized in the nucleus
and the cytoplasm. We thus wanted to determine where galectin-3
and meprin α/β heterodimers interact. We used stimulated emis-
sion depletion (STED) microscopy to explore this possibility and
stained for colonic galectin-3 and meprin β of eithermep1b−/−-

;Vil
Cre
;Rosa26mep1b-HA mice, where meprin β can bemore easily de-

tected via the HA-tag, ormep1a/b−/− mice(Fig. 2C and fig. S4). The
immunofluorescence staining ofmep1b−/−;VilCre;Rosa26mep1b-HA

mice revealed that both proteins, meprin β and galectin-3, are
mainly localized on the apical cell surface of colonic enterocytes.
It appears that in the presence of meprin α/β heterodimers
(mep1b−/−;VilCre;Rosa26mep1b-HA), galectin-3 is attached to the
very apical site of the enterocytes, whereas in the absence of
meprins (mep1a/b−/− mice), galectin-3 is more spread over the
entire villin-stained area. In sum, we could validate that the
meprin α/β heterodimers are responsible for the constitutive
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Fig. 1. HYTANE analysis revealed galectin-3 as amajor intestinal substrate formeprin α/β heterodimers. (A) For MS-based HYTANE analysis for the enrichment of N-
terminal peptides tissue lysates of the proximal and distal colon fromwild-type, meprin α knockout (mep1a−/−), meprin β knockout (mep1b−/−), andmeprin α andmeprin
β double knockout (mep1a/b−/−) micewere used (n = 3). (B) Volcano plots showing all identified proteolytic events detected following HYTANE analysis of wild-type mice
in comparison to mep1a−/−, mep1b−/−, or mep1a/b−/− mice. Gray lines represent threshold values (±0.58 for log2 difference and P = 0.05). Proteolytic fragments of ga-
lectin-3 could be identified in all approaches, indicating cleavage events between Ser112 and Gly113 or Gly114 and Tyr115. (C) Heatmaps of the top 25 highest (blue) and less
(red) abundant proteolytic peptides from three biological replicates (BRs) (blue, wild-type > knockout; red, wild-type < knockout; sorted by log2 difference). In all ap-
proaches, cleavage of galectin-3 is more abundant in wild-type mice in comparison to the protease knockout mice (highlighted with a blue box).
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Fig. 2. Proteolytic processing and tissue distribution of galectin-3 in mouse colon. (A) Galectin-3 cleavage in colonic tissue from three biological replicates of wild-
type, mep1a−/−, mep1b−/−, or mep1a/b−/− mice analyzed by Western blot using a specific galectin-3, meprin α, and meprin β antibody. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as loading control. Galectin-3 was only proteolytically processed in wild-type mice when meprin α/β heterodimers are present in the
colon. Asterisk marks an unspecific band. (B) Scheme of the generation of themep1b−/−;VilCre;Rosa26mep1b-HAmice having an overall meprin β knockout with reexpressed
meprin β–HA in enterocytes of the small and large intestines and Western blot analysis of colonic tissue ofmep1b−/− andmep1b−/−;VilCre;Rosa26mep1b-HAmice to visualize
galectin-3 cleavage via a specific galectin-3 antibody. Meprin βwas either detected using a specificmeprin β antibody or an HA-tag antibody against meprin β C terminus.
GAPDH served as a loading control. Asterisk marks an unspecific band. (C) Stimulated emission depletion (STED)microscopy of intestinal Swiss roles from thewhole colon
of mep1b−/−;VilCre;Rosa26mep1b-HAmice, mep1a/b−/− mice, or lgals3−/− mice. Tissues were stained against galectin-3 (red), meprin β (green), or villin-1 (red or green). For
reexpressed HA-tagged meprin β, the HA-antibody was used. Nuclear staining was visualized using 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 5 μm.
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proteolytic processing of galectin-3 in mouse colon and kidney,
which likely occurs at the apical plasma membrane of epitheli-
al cells.

Endogenous cleavage of human galectin-3 by meprin
metalloproteases in differentiated enterocyte-like cells
To also examine the endogenous proteolytic processing of galectin-
3 in a human system, we used a transwell approach with differenti-
ated Caco-2 cells (Fig. 3A). Caco-2 is a human colorectal adenocar-
cinoma cell line that has the ability for spontaneous differentiation
when reaching confluence (34). After differentiation, these cells

Fig. 3. Endogenous galectin-3 cleavage
by meprin metalloproteases in differ-
entiated intestinal human cells. (A) Diff-
erentiation process of human colorectal
adenocarcinoma Caco-2 cells seeded on a
transwell for 21 days. (B) Scheme of an
enterocyte (left) and cross-sectional view
of the z-stacks from the cell monolayer of
Caco-2 cells differentiated for 21 days
(right) showing the localization of F-actin
(green) and villin (red; bottom) on the
apical side, ZO-1 (red; middle) between
adjacent cells, and the nucleus (stained
with DAPI; blue) on the basolateral side
and E-cadherin (red; top) on the lateral
membrane. (C to E) Relative mRNA ex-
pression of MEP1A (C), MEP1B (D), and
LGALS3 (E) in undifferentiated (day 0; red)
and in differentiated (day 21; blue) Caco-2
cells (n = 9). Means ± SD. (***P < 0.001;
unpaired t test). (F) Endogenous proteo-
lytic processing of galectin-3 in cells of
undifferentiated (day 0) and differentiated
(day 21) Caco-2 was analyzed via Western
blot analysis using a specific galectin-3
antibody. GAPDH served as a loading
control. (G) Treatment of differentiated
Caco-2 cells (day 21) with 3 μM actinonin
showed an abolished galectin-3 cleavage
analyzed by immunoblotting using a ga-
lectin-3–specific antibody. (H) Genotyping
of the human meprin α and meprin β
genes (MEP1A andMEP1B) in differentiated
Caco-2 [wild-type (WT), MEP1A−/−, and
MEP1B−/−] via polymerase chain reaction
(PCR) using specific primers for validating
CRISPR-Cas9 knockout of either meprin α
or meprin β. (I) Western blot analysis in-
vestigating the cleavage of galectin-3 in
cell lysates from differentiated (day 21)
wild-type,MEP1A−/−, andMEP1B−/− Caco-2
cells generated with CRISPR-Cas9
genome editing.
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develop morphogenic characteristics of absorptive enterocytes with
an apical brush border (35). Morphological validation of Caco-2
cells differentiated for 21 days was performed by immunofluores-
cence staining and localization of F-actin, the nucleus, villin,
zonula occludens-1 (ZO-1), and E-cadherin (Fig. 3B). Cross-sec-
tional scanning of the z-stack of the entire cell layer showed F-
actin and villin localized on the apical side, ZO-1 as a tight junction
protein between adjacent cells and the nucleus on the basolateral
side and E-cadherin on the transmembrane. The polarized and dif-
ferentiated Caco-2 cells showed a significant increase in gene ex-
pression of MEP1A, MEP1B, and LGALS3 in comparison to
undifferentiated cells (Fig. 3, C to E). Western blot analysis revealed
that only after differentiation, when the meprin expression is in-
creased, galectin-3 is proteolytically processed endogenously
(Fig. 3F). The galectin-3 cleavage could be inhibited by actinonin
(Fig. 3G), a hydroxamate derivative, which is so far the most
potent available inhibitor for both meprins (Ki = 100 nM for
meprin α and 2 μM for meprin β) (36).

To further validate whether the endogenous cleavage of galectin-
3 is induced by increased endogenous meprin expression during
differentiation of Caco-2 cells, a clustered regularly interspaced
short palindromic repeats–Cas (CRISPR-Cas) knockout of
MEP1A (MEP1A−/−) or MEP1B (MEP1B−/−) was generated in
these cells (Fig. 3H). After differentiation of Caco-2 MEP1A−/−,
the galectin-3 cleavage was completely abrogated and almost fully
abolished in Caco-2 MEP1B−/− cells (Fig. 3I). Notably, although
the expression of meprins is markedly increased in differentiated
Caco-2 cells, it is less pronounced compared to the in vivo situation,
which likely explains the remaining full-length form of galectin-3 in
our cell model. In addition to the knockout of the meprin genes and
their inhibition by actinonin, we also applied meprin activators to
see if we can increase the galectin-3 cleavage by stimulating meprin
α and meprin β activity. Therefore, we performed N-terminomics
analysis of Caco-2 cells that were treated with the bacterial protease
arginine-gingipain B (RgpB) from the pathogen Porphyromonas
gingivalis, which is well known to activate both meprin α and
meprin β (7, 9), and of Caco-2 cells treated with the inhibitor actino-
nin (Fig. 4A). We could validate galectin-3 as the main substrate for
the meprin metalloproteases in this enterocyte-like human cell
system. Cleavage of galectin-3 was more abundant in untreated
than in inhibited cells, in activated than in untreated cells, and in
activated than in inhibited cells (Fig. 4, B to D). The cleavage of ga-
lectin-3 by meprins was identified to occur within the N-terminal
tail (Fig. 4E) close to the C-terminal CRD (amino acids 132 to 264),
which is in line with our observations from mouse colonic tissues
(Fig. 1B). Together, we demonstrated that murine and human ga-
lectin-3 is constitutively cleaved by meprin α/β heterodimers in en-
terocytes, which can be inhibited or induced by meprin activity
modulating compounds.

Meprin β strongly interacts with full-length and cleaved
galectin-3
To investigate the biochemical properties of galectin-3 cleavage by
meprin α/β heterodimers in more detail, we used the easy to manip-
ulate human cell line human embryonic kidney (HEK) 293T. First,
we validated the cleavage of human galectin-3 by human meprin α/
β heterodimers upon transient expression of these proteins in
HEK293T cells. In addition, we used HEK293T cells that were de-
ficient for the proteases ADAM10 and ADAM17 (HEK ADAM10/

17−/−) preventing meprin β shedding (16–19) to see if the interac-
tion of galectin-3 and the meprin α/β heterodimer takes place pre-
dominantly at the cell surface (Fig. 5A). Cotransfection of galectin-3
with meprin α or meprin β demonstrated that both proteases are
able to cleave galectin-3, but only the cotransfection of galectin-3
with both meprin α and meprin β resulted in the full conversion
of the full-length galectin-3 into a remaining 17-kDa fragment. In
addition, the cleavage was more efficient in cells with inhibited
meprin β shedding (Fig. 5, A and B). Notably, to get an efficient
proteolytic processing of the full-length galectin-3, enzymatic activ-
ity of both meprins is required, which we could demonstrate with
the use of catalytically inactive variants of meprin α and meprin β
(fig. S5A).

By using a protein-biotinylation assay, biotinylated full-length
and the cleaved form of galectin-3 could be identified suggesting
their presence at the cell surface (Fig. 5C). Coimmunoprecipitation
(co-IP) experiments revealed that nonproteolytic interaction with
galectin-3 only takes place via meprin β but not via meprin α. In
the meprin α/β heterodimer complex, meprin α and galectin-3
only come into close proximity through their common binding
partner meprin β (Fig. 5D). This conclusion was validated using a
catalytically inactive variant of meprin β (meprin β–E153A), dem-
onstrating that meprin β can interact with both the full-length and
with the cleaved form of galectin-3 (fig. S5B).

Only membrane-bound and not soluble meprin β can
cleave galectin-3
To validate the exact meprin cleavage sites in galectin-3, human and
murine recombinant galectin-3 was incubated with active recombi-
nant meprin α and/or meprin β lacking its transmembrane domain.
Subsequently, galectin-3 proteolytic fragments were separated via
SDS–polyacrylamide gel electrophoresis (PAGE) and visualized by
Coomassie brilliant blue staining (Fig. 6A). Notably, we barely de-
tected galectin-3 cleavage fragments in the presence of soluble active
recombinant meprin β. Therefore, we hypothesized that mem-
brane-tethering of the protease might be a prerequisite for the phys-
iological processing of galectin-3, which is in line with the
biotinylation and IP experiments using the HEK293T cells deficient
for ADAM10 and ADAM17, thus preventing meprin β shedding, as
well as with STED microscopy. To investigate whether soluble
meprin β is unable to cleave galectin-3 in a cellular environment,
we analyzed transfected HEK293TADAM10/17−/− cells. Coexpres-
sion of meprin β and its sheddase ADAM17 resulted in diminished
cleavage of galectin-3 (Fig. 6B).

In contrast, soluble recombinant meprin α efficiently cleaved ga-
lectin-3, which could not be inhibited by lactose (fig. S5C). The re-
sulting fragments (Fig. 6A) were excised and analyzed by liquid
chromatography-MS (LC-MS). Analysis of the obtained fragments
confirmed that meprin α cleaves murine galectin-3 most promi-
nently at position Gly122/Val123. For human galectin-3, we detected
cleavage between Gly108 and Ala109, which corresponds to the same
position in murine galectin-3 based on a sequence alignment
(Fig. 6C). Another less prominent cleavage site identified in
human galectin-3 between Ala103 and Thr104 was also conserved
in murine galectin-3 between Ala117 and Ala118. Hence, the cleavage
of galectin-3 by meprin α occurs very close to the CRD and results
in the loss of the N-terminal part of galectin-3. On the basis of the
fact that galectin-3 is able to form pentamers via its N-terminal tail
(37–40) and that this molecular assembly seems to be proteolytically
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Fig. 4. HYTANE analysis of differentiated intestinal human cells. (A) For Caco-2 cell treatment with activity modulating compounds, the medium was changed to
serum-free Dulbecco’s modified Eagles’s medium (DMEM) without phenol red in both compartments on day 17. For the meprin inhibition, 3 μM actinonin was added
daily to the apical and basolateral compartment until day 21 (red; right). For the meprin activation, 5 nM RgpB, a purified protease from P. gingivalis, was added to both
compartments on day 20 (blue; middle). As a control, untreated cells were analyzed (left). Cells were harvested on day 21 for HYTANE analysis. (B to D) Volcano plots
showing all identified proteolytic events in differentiated Caco-2 cells detected by HYTANE analysis (untreated, activated, and inhibited). Gray lines represent threshold
values (±0.58 for log2 difference and P = 0.05). (E) Human galectin-3 sequence (amino acids 96 to 120) showing all identified cleavage sites using HYTANE analysis.
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Fig. 5. Analyzing biochemical properties of proteolytic cleavage and interaction of galectin-3 withmeprinmetalloproteases using transiently transfected cells.
(A) Detection of galectin-3 cleavage fragments byWestern blot analysis upon coexpression of galectin-3 (C-terminally HA-tagged) withmeprin α and/or meprin β in wild-
type HEK293T cells and HEK293T-deficient for ADAM10 and ADAM17 (ADAM10/17−/−). (B and C) Cell surface biotinylation assay of HEK293T ADAM10/17−/− cells trans-
fected with galectin-3, meprin α, and/or meprin β (C). Cell surface proteins were labeled with primary amine biotinylation, pulled downwithmagnetic streptavidin beads,
and analyzed via Western blot analysis. Transferrin receptor (Tfr) and GAPDH served as a control. Cartoon of the proteolytic processing of galectin-3 by meprin α/β
heterodimers at the membrane (B). (D) HEK293TADAM10/17−/− cells were transfected with galectin-3 andmeprin α and/or meprin β. After cell lysis, co-IP was performed
using an HA-tag antibody against galectin-3 C terminus. Lysate controls and immunoprecipitates were analyzed by Western blot.
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regulated (37, 41–45), we performed a native PAGE to visualize po-
tential galectin-3 oligomerization. Here, we could show that the
cleavage of galectin-3 by recombinant meprin α clearly prevents
oligomerization of galectin-3 (Fig. 6D). Hence, this oligomerization
of galectin-3 is disrupted by the degradation of its N-terminal part
by the metalloprotease meprin α and, thus, by the heterodimer.

In summary, the cleavage site in galectin-3 could be identified
and is structurally conserved in human and mouse protein. The
proteolytic processing of galectin-3 regulates its oligomerization
via its N-terminal tail.

Fig. 6. Cleavage of galectin-3 alters its olig-
omeric structure and bacterial agglutination
properties. (A) Recombinant human (top) and
murine (bottom) galectin-3 was incubated with
recombinant active meprin α and/or meprin β
and analyzed by SDS-PAGE and Coomassie
brilliant blue staining. (B) Galectin-3 cleavage
analyzed in transfected HEK293T ADAM10/17-/-

cells in the presence or absence of the meprin β
sheddase ADAM17 detected by immunoblot-
ting. (C) The cleavage site in human andmurine
galectin-3 was identified using LC-MS analysis
of the gel bands in (A) as depicted in the
structural model of galectin-3 (AlphaFold: AF-
P16110-F1). Gray, CRD; blue, N-terminal tail. (D)
Analysis of human recombinant galectin-3 with
and without cleavage by meprins via native
PAGE. (E) Scheme of the bacterial agglutination
assay. (F) E. faecalis was incubated with re-
combinant galectin-3 alone or preincubated
with active recombinant meprin α and/or
meprin β, and bacterial agglutination was ex-
amined. As a negative control buffer, 20 mM
Hepes, pH 7.2, or active recombinant meprins
were applied without galectin-3. Middle panel
original image. Right panel shows the area of
nonagglutinated bacteria, which was calculat-
ed using ImageJ Fiji. All values were normalized
to the control (Hepes), while the control corre-
sponds to 0 and maximum agglutination to
1. (G) Relative bacterial agglutination of E. fae-
calis (n = 4), P. aeruginosa (n = 4), E. coli (n = 4),
and K. pneumoniae (n = 4) incubated with ga-
lectin-3 or galectin-3 preincubated with meprin
α and/or meprin β. Data are presented as
means ± SD, and statistical analysis was as-
sessed by two-way analysis of variance
(ANOVA), followed by a Tukey posttest
(*P < 0.05; **P < 0.01; ***P < 0.001).
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Proteolytic processing of galectin-3 leads to altered
bacterial agglutination
It has been reported that cleavage of galectin-3 by MMP2 and
MMP9 in its N-terminal tail abolishes its capacity for hemaggluti-
nation and self-association (44). Moreover, it was shown that galec-
tin-3 is able to bind and agglutinate certain bacteria (24–27).
Therefore, we performed a bacterial agglutination assay to study
whether cleavage of galectin-3 by meprins has an impact on its
ability to agglutinate the bacteria Enterococcus faecalis, Pseudomo-
nas aeruginosa, Escherichia coli, and Klebsiella pneumoniae. In case
of agglutination, network-like structures are formed, which means
that the bacteria are no longer visible because of a diffuse distribu-
tion all over thewell (Fig. 6, E and F).We preincubated recombinant
galectin-3 with and without recombinantmeprin α and/ormeprin β
to obtain full-length and cleaved galectin-3. While these different
conditions did not induce agglutination upon incubation with E.
coli and K. pneumoniae (Fig. 6G and fig. S6, A and B), full-length
galectin-3 profoundly agglutinated E. faecalis (Fig. 6, F and G, and
fig. S6C). Notably, this agglutination was completely abrogated
when galectin-3 was cleaved by meprin α alone or meprin α and
meprin β prior administration to the bacteria. For P. aeruginosa in-
cubated with full-length galectin-3, no agglutination could be ob-
served. However, galectin-3 cleaved by meprin α alone or by
meprin α and meprin β showed high agglutination of P. aeruginosa
(Fig. 6G and fig. S6D).

Here, we demonstrated that proteolytic processing of galectin-3
by meprin α can regulate bacterial agglutination. Notably, only
certain bacterial species were able to agglutinate either with
cleaved or full-length galectin-3. Hence, we hypothesized that pro-
teolysis of galectin-3 in vivo may be involved in defining the micro-
biome colonization of the intestine.

Loss of galectin-3 revealed alterations in microbiome but
not mucus properties in mouse colon
To examine the physiological role of the proteolytic processing of
galectin-3 by the meprin α/β heterodimers, we investigated the
colon of mice deficient for galectin-3 (lgals3−/−). Immunoblot anal-
ysis revealed no alterations in protein expression or band pattern of
meprin α andmeprin β in the lgals3−/− mice in comparison to wild-
type mice (Fig. 7A). Furthermore, N-terminomics analysis of wild-
type versus lgals3−/− mice demonstrated that under physiological
conditions, galectin-3 is preferably cleaved between Ser112 and
Gly113 (Fig. 7B) at the exact major cleavage site that we identified
for meprins. This further corroborated that the meprin α/β hetero-
dimer complex is the main protease responsible for the proteolytic
processing of galectin-3 within the colon. As galectin-3 has been re-
ported to alter MUC2 expression and interact with MUC2 directly
(23, 46), we investigated whether loss of galectin-3 had an impact on
the mucus properties in the colon. Colon explants were mounted in
a perfusion chamber (Fig. 7C) as described before, and the surface
of the mucus was visualized by charcoal or fluorescent beads (47).
Mucus growth, thickness, structure, or penetrability was not altered
in lgals3−/− mice compared to wild-type mice (Fig. 7, C to F, and fig.
S7, A and B).

The observation that galectin-3 did not affect mucus properties
but could agglutinate bacteria prompted us to analyze the fecal mi-
crobiota. Wild-type, lgals3−/−, andmep1a/b−/− mice were cohoused
in the same cages for more than 6 weeks, and their feces micro-
biome was analyzed with the use of shallow shotgun next-

generation sequencing. The lgals3−/− mice revealed increased rela-
tive abundance of Bacteroidetes and decreased abundance of Firmi-
cutes (Fig. 7G) compared to cohoused wild-type mice. These
changes in the microbiota were in line with alterations observed
for themep1a/b−/− mice, maybe as a consequence of lack of the pro-
teolytic processing of galectin-3 by meprin α/β heterodimers.
Quantitative analysis of the relative abundance of 16S ribosomal
RNA (rRNA) from the phyla Bacteroidetes, Firmicutes, and Proteo-
bacteria in stool by quantitative real-time polymerase chain reaction
(qRT-PCR) showed significantly increased Bacteroidetes in both
lgals3−/− and mep1a/b−/− mice (Fig. 7H). Notably, we additionally
observed a high number of proteins that were equally regulated by
both the mep1a/b and lgals3 genes (figs. S8, A and B, and S9, A to
C), which implicates a functional interaction of the meprin–galec-
tin-3-complex that goes beyondmicrobial homeostasis. A biochem-
ical explanation might be that galectin-3 is able to increase meprin β
activity on the cell surface (fig. S8, C and D) probably by stabilizing
meprin β at the plasma membrane as it was shown for vascular en-
dothelial growth factor receptor 2 (48).

The bacterial load and composition regulate galectin-3
cleavage by meprin metalloproteases in vivo
We next wanted to assess the potential microbial regulation of ga-
lectin-3 processing by the meprin α/β heterodimers and its physio-
logical importance for host-microbiome interaction. To observe
whether galectin-3 cleavage and meprin expression is altered in re-
sponse to different bacterial loads, immunoblotting of colon tissue
from germ-free, conventionally housed (specific pathogen-free), or
wildling mice revealed a profound regulatory effect of the micro-
biome on galectin-3 cleavage and meprin expression (Fig. 8, A to
D). Germ-free mice showed a significant accumulation of mem-
brane-bound meprin β (Fig. 8, A and D), which is in line with pre-
vious observations indicating that bacterial factors stimulate the
shedding of meprin β (8, 9). Analyzing colon tissue from wildling
mice, which contain a more physiological microbiome than con-
ventionally raised mice (49) revealed enhanced shedding of
meprin β and consequently significant less cleaved galectin-3
(Fig. 8, A and B). Thus, the cleavage of galectin-3 by meprin α/β
heterodimers seems to be strongly regulated and dependent on
the intestinal microbiome composition.

It is well known that a complex intestinal microbiota is not only
beneficial for the host with regard to metabolism and immunity but
is also well accepted that the dysregulated microbiome has a key
impact on IBD (50, 51). Therefore, we were interested in the proteo-
lytic processing of galectin-3 by meprin α/β heterodimers upon in-
fection and the subsequent inflammation (Fig. 8E). In mice infected
with Citrobacter rodentium, the levels of cleaved galectin-3 and
meprin α were significantly down-regulated in comparison to
mock-infected mice (Fig. 8, E to H).

Decreased levels of galectin-3, meprin α, andmeprin β have been
observed to correlate with the severity of inflammation in patients
with IBD (6, 29, 31, 52, 53). In human colonic biopsies from patients
with ulcerative colitis (UC), full-length galectin-3 was significantly
increased and cleaved galectin-3 was consequently decreased in
comparison to the healthy controls (fig. S10, A and B).

Hence, the proteolytic processing of galectin-3 by meprin α/β
heterodimers contributes to the host-microbiome interaction in
health and disease. Our study demonstrates that the gut micro-
biome regulates the localization and activity of the host-enzyme-
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complex meprin α/β, which in turn regulates the bacterial aggluti-
nation properties of galectin-3.

DISCUSSION
In this study, we could show that constitutive proteolytic processing
of galectin-3 by meprin α/β heterodimers in the colon seems to be

an important mediator of bacterial agglutination and the micro-
biome homeostasis that could contribute to the protection of the
host epithelium against potential pathogens. The mucosal integrity
and the bacterial homeostasis of the entire intestinal tract are crucial
for health and disease. Dysregulation is associated with infection
and inflammation such as IBD. Alterations in mucus properties, at-
tachment, or host-microbiome interaction are important hallmarks

Fig. 7. Loss of galectin-3 revealed al-
terations in microbiome composition
but not in the mucus properties. (A)
Immunoblot analysis of colonic lysates
from wild-type,mep1a/b−/−, and lgals3−/

− mice. Asterisk marks an unspecific
band. (B) Volcano plot showing N
termini identified by HYTANE analysis of
wild-type versus lgals3−/− mice. Gray
lines represent threshold values (±0.58
for log2 difference and P = 0.05). (C)
Scheme of a horizontal perfusion
chamber for mucus growth rate analysis.
(D) Mucus thickness was measured at 0,
15, and 30 min after mounting, and
growth rate was calculated as the delta
mucus thickness divided by time from
wild-type and lgals3−/− mice (n = 3). (E)
The mucus thickness was quantified in
wild-type and lgals3−/− mice by calcu-
lating the average tissue to beads dis-
tance in the penetrability assay (n = 10).
(D and E) Data are represented as
means ± SD, and statistical analysis was
assessed by an unpaired t test [ns (not
significant)]. (F) Cross sections through
the inner mucus layer of ex vivo wild-
type and lgals3−/− distal colon tissue as
well as y/x-axis images in the inner
mucus layer (red line) and on the mucus
surface (blue line): DNA (green),
U. Europaeus agglutinin I (UEA-1)–
stained intercrypt mucus (red), wheat
germ agglutinin (WGA)–stained (gray).
Scale bar, 100 μm. (G) Shallow shotgun
sequencing of the microbiome of wild-
type, lgals3−/−, and mep1a/b−/− from
stool samples (n = 6). (H) Normalized 16S
abundance analyzed by qRT-PCR from
stool samples of lgals3−/− and mep1a/
b−/− mice in comparison to wild-type
mice. Data are represented as
means ± SD, and statistical analysis was
assessed by two-way ANOVA, followed
by a Tukey posttest (*P < 0.05).
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Fig. 8. The bacterial load and composition regulate galectin-3 cleavage by meprin metalloproteases in vivo. (A) Western blot analysis of colon tissue from con-
ventionally housed (wild-type), germ-free, or wildling mice demonstrated an altered cleavage of galectin-3 in response to different microbiomes. (B to D) Densitometric
analysis of cleaved galectin-3 (B), meprin α (C), andmeprin β (D) calculated by ImageJ from three biological replicates of wild-type and germ-freemice and four biological
replicates of wildling mice as shown in (A). Data are represented as means ± SD, and statistical analysis was assessed by one-way ANOVA, followed by a Tukey posttest
(**P < 0.01; ***P < 0.001). (E) Analysis of proteolytic processing of galectin-3 andmeprin expression in the colon of C. rodentium–infectedmice (control, n = 4; C. rodentium,
n = 6) 7 days after infection via immunoblotting. (F toH) Densitometric analysis of cleaved galectin-3 (F), meprin α (G), andmeprin β (H) calculated by ImageJ from four or
six biological replicates as shown in (E). Data are represented asmeans ± SD, and statistical analysis was assessed by an unpaired t test (ns, P > 0.05; *P < 0.05; **P < 0.01). (B
to D and F to H) The intensity of cleaved galectin-3, meprin α, and meprin β was determined relative to the normalized expression of GAPDH.
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of IBD including Crohn’s disease (CD) and UC (3, 54, 55). De-
creased levels of meprin α and meprin β correlate with the severity
of inflammation in patients with IBD (6, 52). Furthermore, mep1a/
b−/− mice suffer from a more severe disease progression in DSS-
induced colitis than wild-type mice (5). Therefore, meprin α and
meprin β seem to be important for the gut homeostasis.

We demonstrated previously that meprin β is responsible for
mucus detachment in the small intestine and therefore protects
the host epithelium against bacterial overgrowth and infection (8).
Usually, the mucus layer is loosely attached to the host epithelium in
the small intestine, leading to mucus detachment and fast mucus
renewal important for intestinal homeostasis. In contrast, in
mep1b−/− mice, the small intestinal mucus is densely packed and
tightly attached to the epithelial surface (8). This mucus homeosta-
sis is microbiome dependent because germ-free mice also exhibit
mucus attached to the host small intestine epithelium (8). Thus,
meprins play a crucial role in mucosal integrity, which in turn is
associated with and regulated by the microbiome. Several studies
suggested that bacteria and the microbiome play an important
role in the onset and duration of IBD (54). In human ileal lesions
of patients with CD, meprins act as a host defense mechanism to
counteract bacterial colonization of pathogenic adherent-invasive
E. coli by proteolytic degradation of type 1 pili preventing bacterial
adhesion or invasion to the intestinal epithelial cells (56). Our ob-
servations indicate that both meprin α and meprin β play an impor-
tant role for the gut homeostasis by regulatingmucosal integrity and
bacterial composition and that a balance of these proteases might
play a role in the progression of IBD.

When meprin α and meprin β are coexpressed, particularly in
the colon, they form a covalently-linked heterodimeric complex
in the early endoplasmic reticulum, which is transported to the
cell surface, retaining meprin α on the plasma membrane (7).
However, the functional consequence and the intestinal substrates
for the meprin α/β heterodimer have remained elusive. Therefore,
we investigated the physiological role of the meprin metallopro-
teases and especially the function of meprin α/β heterodimers. A
knockout of both proteases (mep1a/b−/−) in mice causes a signifi-
cant alteration in the microbiome composition in cohoused
animals, illustrating the importance of both proteases for healthy
gut homeostasis. By applying MS-based N-terminomics, we identi-
fied galectin-3 as the major intestinal substrate for meprin α/β het-
erodimers regulating bacterial agglutination and composition in
the gut.

Although several other cleavage events in galectin-3 have been
described before (see annotations in the TopFIND database;
https://topfind.clip.msl.ubc.ca) (57), none of these were observed
in our N-terminomics analyses. The former studies are all based
on in vitro assays with purified proteins and cultured cell lines,
which underlines the necessity to perform unbiased substrate
screenings from biological samples.

Within the gut galectin-3 is predominantly expressed in the
villus tips (22) and is also described to interact with MUC2 (23),
which is the known meprin β substrate in the small intestine (8).
Notably, mep1a, mep1b, and lgals3 are suggested as marker genes
for enterocytes (4). Galectin-3 has multiple suggested biological
functions depending on its localization (58) and may play impor-
tant roles in several diseases (59). However, the physiological func-
tion of intestinal galectin-3 in vivo remains unknown. Galectin-3 is
a susceptibility gene for IBD, and mice deficient for galectin-3

(lgals3−/−) suffer from a more severe disease progression in DSS-
induced colitis model in comparison to wild-type mice (31),
which is in line with meb1a/b−/− animals. Moreover, the galectin-
3 levels in serum from patients suffering from UC and CD were sig-
nificantly elevated (28).

Galectin-3 is known to interact with commensal and pathogenic
microorganisms (24, 26, 27, 60, 61), suggesting a function of galec-
tin-3 in bacterial homeostasis. Previously, it was shown that galec-
tin-3 is able to trap and aggregate bacteria, which is an important
host protective mechanism of bacterial infection and colonization
(27). For example, during experimental Helicobacter pylori infec-
tion, bacterial cells were mostly trapped on the surface mucus
layer in wild-type mice, whereas the bacteria infiltrated deep into
the gastric glands in galectin-3–deficient mice. In our study, we
could show that galectin-3 is able to agglutinate E. faecalis and P.
aeruginosa. This trapping was further regulated by the proteolytic
processing of galectin-3 by meprins. E. faecalis was agglutinated
by full-length galectin-3, which was abolished after meprin cleav-
age, whereas P. aeruginosa agglutinates only with the cleaved
form of galectin-3. Intact galectin-3 is able to oligomerize via its
N-terminal domain and thereby cross-link and agglutinate bacteria.
However, how galectin-3 can be exploited by pathogens is more dif-
ficult to understand. The pathogen P. aeruginosawas not agglutinat-
ed by intact galectin-3 but well by the cleaved form. Previous studies
on galectin-3 have suggested bacterial agglutination and binding of
the bacteria to epithelial cells (24), and others demonstrated that ga-
lectin-3 oligomerization can be regulated by certain proteolytic
enzymes, such as bacterial collagenase IV, MMP2, and MMP9
(37, 38, 42–44). These enzymes are able to cleave galectin-3
within its linker region, which results in the release of the N-termi-
nal tail that is responsible for pentameric oligomerization leading to
loss of hemagglutination and self-association. As described, an olig-
omerization of galectin-3 is possible either by interactions of the N-
terminal tails, via the CRDs, or by an interplay of both the CRD and
the N-terminal tail (62, 63). A so-called C-type dimerization/trime-
rization of the CRDs alone has been shown using electron micros-
copy and additionally in solution by fluorescence anisotropy (62,
64). The exact mode of carbohydrate domain-dimer formation is
currently not fully understood. However, we speculate that in case
of galectin-3 cleavage by meprin α, the oligomerization state shifts
from the preferred pentameric structure stabilized via N-terminal
interactions to CRD-facilitated dimers/trimers. Consequently, the
availability of ligands and/or carbohydrates of the different bacteria
may lead to the different agglutination effects of full-length and
meprin α–cleaved galectin-3, as observed in our study for E. faecalis
in comparison to P. aeruginosa.

We now demonstrate that in the colon and kidney, galectin-3 is
constitutively cleaved in vivo by meprin α/β heterodimers, which is
able to regulate bacterial agglutination and microbial homeostasis
in the gut, as demonstrated in lgals3−/− and mep1a/b−/− mice. Fur-
thermore, we could show that the proteolytic processing of galectin-
3 by meprin α/β heterodimers is regulated by the microbiome. The
complete lack of bacteria in germ-free mice revealed increased level
in cleavage of galectin-3, whereas a microbiome typical for mice
living in the wild diminished galectin-3 processing pinpoint to
highly adaptable molecular system that is modulated by bacteri-
al factors.

In conclusion, our results indicate that the proteolytic processing
of galectin-3 by meprin α/β heterodimers contributes to the
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mucosal barrier properties that protect the host epithelium against
commensal and pathogenic bacteria by modulating the interaction
between microbes and the host mucosa and the bacterial
composition.

MATERIALS AND METHODS
Chemicals
All chemicals were of analytical grade and obtained from Carl Roth
(Karlsruhe, Germany), Gibco (Waltham,MA, USA),Merck (Darm-
stadt, Germany), MilliporeSigma (Burlington, MA, USA), or
Thermo Fisher Scientific (Waltham, MA, USA), if not stated other-
wise. Primers were synthesized by Merck (Darmstadt, Germany).

Animals
All mice were on a C57BL/6 background and maintained under
constant environmental conditions (12-hour light-dark cycles, tem-
perature) and in an individually ventilated cage system with food
and drinking water ad libitum in accordance with the ethical stan-
dards and current guidelines of the European Union. All animal
protocols were approved by the Central Animal Facility of the Uni-
versity of Kiel and the National Animal Care Committee of
Germany as well as by the Institutional Review Board of the
Medical University of Vienna and the Austrian Ministry of Scienc-
es. Mice were used between 8 and 40 weeks of age. Both sexes of
mice were used equally throughout the study.

Generation of mouse lines
The generation of mep1b−/− and mep1a−/− mice was previously de-
scribed (6, 65). Mice homozygote deficient for meprin α and
meprin β (mep1a/b−/−) were received by crossing mep1a−/− and
mep1b−/− mice. Lgals3−/− mice were obtained from the Jackson
Laboratories (B6.Cg-Lgals3tm1Poi/J, #006338).
Generation of meprin β knock-in mice
Meprin β knock-in mice were generated in collaboration with
R. Naumann and M. Haase from the Max Planck Institute of Mo-
lecular Cell Biology and Genetics in Dresden as described before
(66). In summary, a cDNA coding for C-terminally HA-tagged
murine meprin β was cloned into a CAG-Cre-IRES-Rosa26
vector. With the use of this vector, the cDNA was inserted into
the Rosa26 locus of C57BL/6 N mice by homologous recombina-
tion. Homozygous meprin β knock-in mice are referred to as Ro-
sa26mep1b-HA. A floxed neomycin-Westphal stop cassette between
a CAG promotor and the meprin β cDNAwas prevented from tran-
scription meprin β cDNA until it is excised by a Cre recombinase
(66). To achieve meprin β overexpression only and specific in the
gut, Rosa26mep1b-HA mice were crossed with mep1b−/− mice (65)
and mice expressing Cre recombinase under the control of a 9-kb
regulatory region of the murine villin gene (VilCre), specifically
active in the entire intestinal epithelium (67). Rosa26mep1b-HA

mice, which were homozygous for mep1b−/− and heterozygous
for VilCre, are termed as mep1b−/−;VilCre;Rosa26mep1b-HA mice.

Tissue collection and lysis
Mouse tissue frommep1a−/−,mep1b−/−,mep1a/b−/−, lgals3−/−, and
mep1b−/−;VilCre;Rosa26mep1b-HA mice was isolated frommice eutha-
nized with cervical dislocation according to the Guide for the Care
and Use of Laboratory Animals (German Animal Welfare Act on
Protection of Animals). The tissues from germ-free mice (n = 3)

were provided to us by J. F. Baines (Max Planck Institute for Evo-
lutionary Biology, Plön) and S. M. Ibrahim (Institute of Experimen-
tal Dermatology, Lübeck). The tissue of wildling animals (49)
(n = 4) were received from the mouse facilities at the Medical Cen-
ter–University of Freiburg, Germany. All the tissues were homoge-
nized in lysis buffer [1× cOmplete protease inhibitor cocktail
(Roche) and 1% (v/v) Triton X-100 in phosphate-buffered saline
(PBS) (pH 7.4)] using the Precellys 24 (VWR) for 3 cycles at 6500
rpm and 4°C. The homogenates were incubated for 2 hours at 4°C
and, afterward, centrifuged for 30min at 13,500g at 4°C. The protein
concentration of all lysates was determined using the Pierce BCA
(bicinchoninic acid) Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

HYTANE analysis
Colon tissues (n = 3) excluding the caecum and Caco-2 lysates were
sonicated and centrifuged at 20,000g for 5 min at 4°C, and each
sample was methanol/chloroform/water (MCW)–precipitated to
remove any interfering substances such as small primary amines.
Samples were resuspended in 6 M guanidine-HCl in 100 mM trie-
thylammonium bicarbonate (TEAB), and the BCA Protein Assay
on a diluted fraction was performed to determine protein
concentration.

Approximately 100 μg of each sample was reduced with tris(2-
carboxyethyl)phosphine (TCEP; 5 mM final concentration) for 30
min at 65°C and then alkylated with iodoacetamide (12.5 mM final
concentration) at room temperature for 15 min. Samples were then
labeled with tandem mass tag (TMT) reagent (TMT-6-plex) in
equal volume of dimethyl sulfoxide (DMSO) so that the final con-
centration of DMSO was 50%. The samples were left to react for
1 hour at 25°C and then quenched with hydroxylamine (1% final
concentration) for 30 min at 37°C. All channels were combined,
and the sample was MCW-precipitated. The pellet was washed
with methanol, redissolved in 3 M guanidine-HCl, and then
diluted to a final concentration of approximately 0.85 M. The
sample was digested with trypsin (approximately 35:1 ratio of
protein to enzyme) and left to digest overnight at 37°C.

The “neo” N termini generated by trypsin digestion were deplet-
ed using HYTANE (68) with minor modifications. Briefly, samples
were redissolved in Hepes buffer (pH 7.0), then hexadecenal (500 μl,
10 mg/ml) in isopropanol was added along with 20 mM sodium cy-
anoborohydride, and the reaction left for 5 hours at 50°C. A fresh
aliquot of sodium cyanoborohydride was added (20 mM), and then
the sample was dried down for 2 hours to a smaller volume, then
acidified, and then cleaned with a C18 column. The sample was
dried (vacuum evaporation) and stored at −20°C before analysis.

All HYTANE samples were injected in duplicate on a Dionex Ul-
tiMate 3000 nano-UHPLC coupled to a Q Exactive HF mass spec-
trometer (Thermo Fisher Scientific, Bremen). The samples were
washed on a trap column (Acclaim Pepmap 100 C18, 5 mm × 300
μm, 5 μm, 100 Å, Dionex) for 4 min with 3% acetonitrile (ACN)/
0.1% trifuoroacetic acid (TFA) at a flow rate of 30 μl/min before
peptide separation using an Acclaim PepMap 100 C18 analytical
column (50 cm × 75 μm, 2 μm, 100 Å, Dionex). A flow rate of
300 nl/min using eluent A [0.05% formic acid (FA)] and eluent B
(80% ACN/0.04% FA) was used for gradient separation (180-min
gradient, 5 to 40% B). Spray voltage applied on a metal-coated
PicoTip emitter (10-μm tip size; New Objective, Woburn, MA,
USA) was 1.7 kV, with a source temperature of 250°C. Full-scan
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MS spectra were acquired between 375 and 1400 mass/charge ratio
(m/z) at a resolution of 60,000 at m/z 200, and the top 10 most
intense precursors with charge states greater than 2+ were selected
for fragmentation using an isolation window of 1.2 m/z and with
HCD-normalized collision energies of 33 at a resolution of
30,000. Lock mass (445.120025) and dynamic exclusion (20 and
30 s) were enabled.

The MS raw files were processed by Proteome Discoverer 2.2,
and MS/MS spectra were searched using the Sequest HT algorithm
against a database containing common contaminants and a mouse
database. The enzyme specificity was set to semi-ArgC with two
missed cleavages allowed. An MS1 tolerance of 10 parts per
million and a MS2 tolerance of 0.02 Da were implemented. Oxida-
tion (15.995 Da) of methionine residues, acetylation (42.011 Da),
and TMT-6-plex (229.163 Da) on the peptide N terminus was set
as a variable modification, while carbamidomethylation (57.02146
Da) on cysteine residues and TMT on lysine residues was set as a
static modification. Technical injection replicates were set as frac-
tions. Normalized, scaled abundance from Proteome Discoverer
was exported and log2-transformed, and statistical analysis (t test)
was performed in Perseus (Perseus_1.6.10.43).

Label-free quantitative proteomics
Label-free quantification was performed on mouse colon samples.
One hundredmicrograms of each samplewasmade up to 1% SDS in
TEAB buffer. Samples were reduced and alkylated as described
above and then quenched with dithiothreitol (DTT). Samples
were precipitated onto hydrophilic and hydrophobic Sera-Mag
SpeedBeads (carboxylate-modified magnetic beads) using sixfold
volume of ethanol. Samples were washed twice with 80% ethanol
and then digested with trypsin (1:100, enzyme:protein) overnight
at 37°C. Peptides were removed from the beads with the aid of a
magnet and then dried and stored at −20°C before analysis. For
label-free experiments, only single sample injections were per-
formed, with the same LC settings as for the HYTANE analysis.
Samples were measured on a Q Exactive HF mass spectrometer
with a mass range from 375 to 1400 m/z at a resolution of 60,000
at m/z 200. The 10 most intense precursors with charge states
greater than 2+ were selected with an isolation window of 1.4 m/z
and fragmented by HCDwith normalized collision energies of 28 at
a resolution of 30,000. Lock mass (445.120025) and dynamic exclu-
sion (30 s) were enabled. For label-free experiments, the data were
searched with ProteomeDiscoverer as above except that trypsin spe-
cificity was set to full and TMT modifications were excluded in the
search. Normalized, scaled abundance from Proteome Discoverer
was exported and log2-transformed, and statistical analysis (t test)
was performed in Perseus (Perseus_1.6.10.43). Volcano plots were
generated using the GraphPad Prism software. N termini were con-
sidered significant if they had a P value less than or equal to 0.05 and
a log2 fold change of ±0.58.

In-gel digestion
To identify the N termini of recombinant human galectin-3 frag-
ments incubated in the presence and absence of meprin α and
meprin β, the corresponding gel bands were excised and then
halved to allow for both trypsin and chymotrypsin digestion.
Bands were further cut into 2-mm3 cubes and destained with 100
mM ammonium bicarbonate (ABC), 30% ACN, 50 mM ABC,
and 100% ACN. Samples were reduced with DTT (10 mM) at

65°C for 30 min and then alkylated with iodoacetamide (55 mM
final concentration) in the dark at room temperature for 15 min
in TEAB buffer. Gels bands were dehydrated with ACN and by
vacuum centrifugation and then reductively dimethylated by label-
ing gel bands with 40 mM formaldehyde in the presence of 20 mM
sodium cyanoborohydride (10 mM) in Hepes buffer (200 mM, pH
7) overnight at 25°C. The reaction was quenched by acidification
(1% TFA) and then washing with 1% TFA, 50% ACN, and lastly
with 100% ACN. Gel bands were dried in the vacuum centrifuge
and resuspended in 0.9 M tris-HCl buffer for 2 hours to further
quench any residual reagents. Samples were neutralized with acid
and washed and dried as described above. Gel bands were digest
with either trypsin (40 ng) or chymotrypsin (50 ng) in the presence
(human galectin-3) or the absence of heavy water (murine galectin-
3; approximately 85% H2

18O) in TEAB buffer (40 mM; 0.5 mM
CaCl2) overnight at 37°C. Murine galectin-3 samples were only in-
cubated with chymotrypsin. Peptides were extracted from the gel
band using 1% FA, 50% ACN, 1% FA, and 100% ACN with the
aid of sonication/shaking. Pooled supernatants were dried down
by vacuum centrifugation and stored at −20°C until analysis. In-
gel digested samples were measured on the Q Exactive with the
same LC setup as described above, although with a shorter gradient
length. Here, the 10 most intense precursors with charge states
greater than 2+ were selected with an isolation window of 2.1 m/z
and fragmented by HCDwith normalized collision energies of 28 at
a resolution of 17,500. Lock mass (445.120025) and dynamic exclu-
sion (15 s) were enabled. The data were searched with Proteome
Discoverer against a database containing common contaminants
and the canonical and reviewed human or mouse database, for
human and murine galectin-3, respectively. The enzyme specificity
was set to semi-ArgCwith twomissed cleavages allowed (trypsin) or
semichymotryptic with up to four missed cleavages allowed. Here,
dimethylation (28.031 Da) on lysine residues was set as a static mod-
ification, while dimethylation on peptide N termini and heavy
oxygen (+2.004 Da) on peptide C termini was set as a variable mod-
ification (for example, incubated with heavy water).

Top-down LC-MS
Gel bands from recombinant human galectin-3 that were (before
loading) incubated in the presence and absence of meprin α or
meprin α/meprin β were cut into 2-mm3 cubes and destained
with 100 mM ABC, followed by 50% ACN in 50 mM ABC and
then 100% ACN. Gel bands were also dried in the vacuum centri-
fuge for 5 min. Proteins from gel bands were then passively eluted
by shaking in 300 μl of 0.1% SDS and 100 mM ABC in the presence
of 2.5 mMTCEP for 30min. The supernatant was retrieved, another
aliquot of SDS/ABC/TCEP buffer was added to the gel bands, and
the samples were sonicated for 15 min, followed by shaking for
another 15 min. Supernatants were pooled and the samples were
lyophilized. Samples were resuspended in 60 μl of water and then
cleaned via chloroform/methanol/water precipitation. Samples
were left to air-dry and then were frozen at −20°C until analysis.

Top-down samples were run on a Dionex UltiMate 3000 nano-
UHPLC coupled to a Fusion Lumos mass spectrometer (Thermo
Fisher Scientific, Bremen). The samples were washed on a trap
column (C4 column, 5 mm × 300 μm, 5 μm) with 2% ACN/
0.05% TFA at a flow rate of 30 μl/min before peptide separation
using a C4 analytical column (50 cm × 75 μm). A flow rate of 300
nl/min using eluent A (0.05% FA) and eluent B (80% ACN/0.04%
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FA) was used for gradient separation (15 to 55% B). Spray voltage
applied on a noncoated PicoTip emitter (10-μm tip size; New Ob-
jective, Woburn, MA, USA) was 2.3 kV, with a source temperature
of 290°C. Full-scan MS spectra were acquired between 500 and
1800 m/z at a resolution of 120,000 at m/z 400 and 4 microscans.
High-feld asymmetric-waveform ion-mobility spectrometr
(FAIMS) was used using four compensation voltages (−50, −40,
−30, and −20) during analysis (69). MS2 were acquired for 1 s
with an isolation window of 4 m/z and fragmented by collision-
induced dissociation with normalized collision energies of 25 at a
resolution of 60,000 (also four microscans). Data interpretation
was performedmanually and using ProSightPD 4.0, with a database
containing recombinant human galectin-3.

STED microscopy
For STED microscopy, 3-μm-thick paraffin-embedded Swiss roll
sections of the mouse colon excluding the caecum were preheated
at 65°C for 15 min. Afterward, tissue sections were dewaxed in
xylene two times, followed by ethanol in decreasing concentrations
(100, 95, 70, and 50%). Antigens were retrieved in 10 mM citric
buffer (pH 6.0) and boiled for 20 min. After cooling, tissue sections
were washed with PBS and incubated with blocking solution [5%
fetal bovine serum (FBS)/PBS] for 1 hour at room temperature.
Primary antibodies anti-HA (#3724 and #2367, Cell Signaling Tech-
nology; 1:1000), anti–meprin α [polyclonal antibody, generated
against peptide from the ectodomain (Pineda); 1:1000], anti–galec-
tin-3 (N-terminal, #14-5301-81, eBioscience), and anti–villin-1
(#bsm-54212R, Bioss Antibodies; 1:100) were diluted in blocking
solution and incubated with tissue sections in a humid chamber
overnight at 4°C. The next day, tissue sections were washed with
PBS three times and incubated with a fluorophore-coupled second-
ary antibody (Thermo Fisher Scientific; 1:300) and 4′,6-diamidino-
2-phenylindole (DAPI) (1 μg/ml in PBS; Sigma-Aldrich) diluted in
blocking solution for 1 hour in a dark chamber at room tempera-
ture. After repeated washing steps, tissue sections were embedded in
fluorescent mounting medium (Dako). Sections were analyzed
using a multilaser confocal scanning microscope and STED super-
resolution microscopy. Images were acquired using Facility Line
(Abberior Instruments, Göttingen, Germany) with Olympus IX83
microscope (Germany) and Imspector software (Abberior Instru-
ments) in confocal microscopy mode or STED mode.

Recombinant cleavage assay
For the cleavage of galectin-3 by the meprins, 20 μg of recombinant
human galectin-3 (PeproTech) or 10 μg of murine recombinant ga-
lectin-3 (R&D Systems) was incubated with or without 5 nM human
active recombinant meprin α and/or 5 nM human active recombi-
nant meprin β (14) in 20 mM Hepes at 37°C for 2 hours and then
stored at −20°C until use. These protein samples were used for SDS-
PAGE with subsequent Coomassie staining or for the bacterial ag-
glutination assay.

Coomassie brilliant blue staining
To visualize proteins in acrylamide gels, a Coomassie brilliant blue
staining was carried out. Gels were incubated with Coomassie bril-
liant blue solution [40% (v/v) methanol, 10% (v/v) acetic acid, and
0.1% (w/v) Coomassie R250 in double-distilled H2O] for 1 hour.
Then, gels were detained with destaining solution [40% (v/v) meth-
anol and 10% (v/v) acetic acid in double-distilled H2O] for several

hours until only the protein bands remained blue and, afterward,
digitalized or used for in-gel digestion.

Cell culture and transfection
HEK293T [Deutsche Sammlung von Mikroorganismen und Zell-
kulturen (DSMZ)] and HEK ADAM10/17−/− cells (ADAM10-
and ADAM17-deficient HEK293T, generated by B. Rabe, Institute
of Biochemistry, Kiel) were maintained at 37°C under a humidified
atmosphere (5% CO2) in Dulbecco’s modified Eagles’s medium
(DMEM; Thermo Fisher Scientific) supplemented with 10% FBS
(Thermo Fisher Scientific), penicillin (100 U/ml), and streptomycin
(100 μg/ml) (Thermo Fisher Scientific). For transient transfection,
the cells were seeded 24 hours prior at a density of 2.5 × 106 cells per
10-cm cell culture dish. Cells were transfected with 6 μg of plasmid-
DNA in total, premixed with polyethyleneimine (1:3) in serum-free
medium, and incubated for 30 min at room temperature. Plasmid-
DNA with human galectin-3 (pCMV3), human meprin α (pSG5),
human meprin β (pSG5), human meprin β–E153A (pSG5), human
ADAM17 (codon-optimized, pCMV6), empty vector [pcDNA 3.1
(+)], or plasmids in different combinations was added together
with transfection reagent to fresh medium on the cells. After 24
hours, cells were washed with PBS and the medium was changed
to serum-free DMEM avoiding meprin β inhibition.

Fluorogenic peptide-based activity assay
To quantify meprin α and meprin β activity, specific fluorogenic
peptide substrates for meprin α or meprin β cleavage were used
[(mca)-HVANDPIW-(K-ε-dnp) for meprin α; (mca)-EDEDED-
(K-ε-dnp) for meprin β; mca, 7-methyloxycoumarin-4-yl; dnp,
2,4-dinitrophenyl; Genosphere Biotechnologies, Paris, France].
These consisted of a fluorophore (mca), a specific peptide sequence
formeprin α (HVANDPIW) ormeprin β (EDEDED) and a quench-
er (dnp). The peptide sequence fits to the cleavage site specificity of
meprin α or meprin β (70, 71). For analyzing meprin α and meprin
β activity in tissue lysates, 50 to 100 μg of lysate in 100 μl of total
volume in a 96-well plate was used. For determination of meprin
β activity at the cell surface, HEK293T ADAM10/17−/− cells were
transfected 48 hours before. Cells were counted, and 0.3 × 106
cells were plated onto 48-well plates in a total volume of 300 μl. Re-
maining cells were used for cell lysates and Western blot analysis.
Immediately before measurement, 10 μM quenched fluorogenic
peptide substrate for meprin α and 50 μM quenched fluorogenic
peptide substrate for meprin β were added to cells or tissue
lysates. Fluorescence at λem = 405 nm and λex = 320 nmwas detected
at 37°C every 30 s for 120 min using a spectrophotometer (Tecan,
Männedorf, Switzerland). For data analysis, slope of equal linear ac-
tivity range from three or more individual experiments was used,
and all values were normalized to the meprin β single transfection
(for the cell surface activity) or to the highest value of the tissue
lysate measurement of the proximal colon that was set as 1.

Ultracentrifugation and trichloroacetic acid precipitation
Cell supernatants were harvested 48 hours after transfection and ul-
tracentrifuged at 186,000g for 2 hours at 4°C. To concentrate soluble
proteins from cell supernatants, a trichloroacetic acid (TCA) precip-
itation was used. For this, 1 ml of supernatant was mixed with 10%
TCA and incubated for 1 hour at 4°C. After that, supernatant was
centrifuged at 13,500g for 20 min at 4°C. After discarding the super-
natant, 350 μl of precooled acetone (−20°C) was added to the
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precipitated proteins, and the samples were inverted carefully. After
a centrifugation at 13,500g for 15 min at 4°C, the acetone was dis-
carded and evaporated completely. Precipitated proteins were then
solved in reducing sample buffer, denatured for 10 min at 95°C, and
analyzed via SDS-PAGE, NuPAGE, or Western blot.

Cell surface biotinylation assay
For the cell surface biotinylation assay, transfected cells werewashed
with ice-cold PBS-CM (0.1 mM CaCl2 and 1 mM MgCl2 in PBS)
and incubated with 3 ml of biotin solution [EZ-Link Sulfo-NHS-
SS-Biotin (1 mg/ml; Thermo Fisher Scientific) in PBS-CM] for 30
min at 4°C. Subsequently, the biotin solution was removed, and the
cells were incubated with quenching buffer [50 mM tris-HCl (pH
8.0) in PBS-CM] for 10 min. Afterward, cells were washed with
ice-cold PBS-CM and lysed in biotinylation lysis buffer [50 mM
tris-HCl (pH 7.4), 150 mM NaCl, 1% (v/v) Triton X-100, 0.1%
(w/v) SDS, and 1× cOmplete protease inhibitor cocktail (Roche)]
for 1 hour. As a lysate control, 300 μg was separated. Five
hundred micrograms of lysate was incubated with 50 μl of Pierce
Streptavidin Magnetic Beads (Thermo Fisher Scientific), added to
the remaining lysate, and incubated overnight at 4°C. After
washing the beads with biotinylation lysis buffer, the proteins
were removed and denatured by addition of sample buffer [250
mM tris-HCl, 10% (w/v) SDS, 0.5% bromophenol blue, 50% (v/v)
glycerol, and 154 mg of DTT (pH 6.8)] for 10 min at 95°C. The
samples were analyzed by SDS-PAGE and Western blot analysis.

Coimmunoprecipitation
Harvested cells were lysed in 700 μl of IP lysis buffer [50 mM tris-
HCl (pH 7.4), 120 mM NaCl, 0.5% (v/v) NP-40, and 1× cOmplete
protease inhibitor cocktail (Roche)]. As a lysate control and for BCA
assay (Thermo Fisher Scientific), 150 μl of the lysate was separated
and as lysate control for the SDS-PAGE. The co-IP was done with
the Dynabeads Protein G Immunoprecipitation Kit (10007D,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. For the co-IP, 1 μg of anti–HA-tag antibody (C299F4, Cell
Signaling Technology) was used. Protein analysis was performed
using SDS-PAGE and Western blot.

Cell lysis, SDS-PAGE, NuPAGE, and Western blot analysis
For SDS-PAGE and Western blot analysis, cells were harvested 48
hours after transfection, washed with PBS, and then incubated for 1
hour at 4°C with lysis buffer [1× cOmplete protease inhibitor cock-
tail (Roche) and 1% (v/v) Triton X-100 in PBS (pH 7.4)]. The lysate
was centrifuged at 13,500g at 4°C, and the cell debris was discarded.
The protein concentration in the lysate was determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according
to the manufacturer ’s instructions. As preparation for the SDS-
PAGE or NuPAGE, the samples were incubated with sample
buffer [250 mM tris-HCl, 10% (w/v) SDS, 0.5% bromophenol
blue (Merck), 50% (v/v) glycerol, and 154 mg of DTT (pH 6.8)]
for 10 min at 95°C. The protein separation was performed by
SDS-PAGE (129 V) using the Laemmli conditions in the Mini-
PROTEAN system (Bio-Rad) or the NuPAGE system (90 V)
(Thermo Fisher Scientific). The Western blot analysis was accom-
plished with a Tank-Blot system (Bio-Rad) onto polyvinylidene
fluoride (Millipore) membranes (0.8 A for 2 hours at 4°C). After-
ward, the membranes were blocked with 5%milk (w/v) in tris-buff-
ered saline (TBS) or tris-buffered saline with tween-20 (TBS-T) for

1 hour at room temperature. The primary antibodies against meprin
α and meprin β [polyclonal antibodies, generated against peptide
from the ectodomain (Pineda)], HA-tag (C299F4, #3724, Cell Sig-
naling Technology), galectin-3 (M3/38, #126702, BioLegend), ga-
lectin-3 (N-terminal, #14-5301-81, eBioscience), ADAM17
(A300D) (72), transferrin receptor (ab84036, Abcam), and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (14C10, #2118, Cell
Signaling Technology) were incubated using a dilution of 1:1000 in
5% milk (w/v) in TBS with the membrane overnight at 4°C. Horse-
radish peroxidase–conjugated secondary antibodies (1:10.000;
Jackson ImmunoResearch) were diluted in 10% milk (w/v) in TBS
and incubated with the membranes for 1 hour at room temperature.
The chemiluminescence signal was detected in the Intelligent Dark
Box (LAS-3000, Fujifilm) using the SuperSignal West Pico PLUS
chemiluminescent substrate or SuperSignal West Femto Substrate
with maximum sensitivity (Thermo Fisher Scientific) according
to the manufacturer’s instructions.

Native PAGE
For the native PAGE, the samples were gently mixed with nonre-
ducing sample buffer [62.5 mM tris-HCl, 1.0% bromophenol blue
(Merck), and 25% (v/v) glycerol (pH 7.0)]. Because of the isoelectric
point of galectin-3 (pI, ~8.58) (73), the protein separation was per-
formed using the Mini-PROTEAN system {120 V, running buffer
[25 mM tris-HCl and 192 mM glycine (pH 7.0)], Bio-Rad}
without using SDS and a pH of 7.0 from the anode to the
cathode. To visualize the protein, the gel was afterward Coomassie
brilliant blue–stained.

Cell differentiation and treatment
For differentiation, Caco-2 (DSMZ) cells were seeded on polyethyl-
ene terephthalate filters (TC-Inserts, 12-well, 0.4 μm, translucent,
Sarstedt) at a density of 3.85 × 105 cells per insert in DMEM
(Thermo Fisher Scientific) supplemented with 20% FBS (Thermo
Fisher Scientific), penicillin (100 U/ml) and streptomycin (100
μg/ml) (Thermo Fisher Scientific) in both apical and basolateral
compartments for 3 days to allow the formation of a confluent
cell monolayer. From day 3 after seeding, cells were transferred to
complete medium in both compartments, supplemented with 20%
FBS only in the basolateral compartment and allowed to differenti-
ate for 21 days with regular medium changes two to three times a
week. For treatment, Caco-2 cells were washed with PBS on day 17,
and medium was changed to serum-free DMEM without phenol
red (Sigma-Aldrich) in both compartments. For the meprin inhib-
itor actinonin (Merck), 3 μM was added daily to the basolateral and
the apical compartment until day 21. For the bacterial meprin acti-
vator RgpB (7) (purified protease from P. gingivalis kindly provided
by J. Potempa, University of Louisville), 5 nM was added to both
compartments on day 20. Cells were harvested on day 21.

Microscopy of differentiated Caco-2 cells
Morphological evaluation of Caco-2 cell differentiation was per-
formed by F-actin, E-cadherin, and villin localization as well as
nuclear staining. On day 21, Caco-2 were washed with 0.2% (w/v)
saponin in PBS and fixed in 4% (w/v) paraformaldehyde in PBS for
20 min at room temperature. Subsequently, cells were washed with
0.2% (w/v) saponin in PBS and were permeabilized with 0.12% (w/
v) glycine and 0.2% (w/v) saponin in PBS for 10 min. Afterward,
cells were washed with 0.2% (w/v) saponin in PBS and incubated
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with blocking solution [10% FBS and 0.2% (w/v) saponin in PBS]
for 30 min at room temperature. Primary antibodies anti-ZO-1
(D6L1E, #13663, Cell Signaling Technology; 1:400), anti-villin
(PA5-17290, Thermo Fisher Scientific; 1:100), and anti-E-cadherin
(610405, BD Transduction Laboratories; 1:500) were diluted in
blocking solution and incubated in a humid chamber for 1 hour.
Afterward, the cells were washed three times with 0.2% (w/v)
saponin in PBS and incubated with a fluorophore-coupled second-
ary antibody (Thermo Fisher Scientific; 1:300) and Phalloidin–
iFluor 488 Reagent (ab176753, Abcam; 1:1000) diluted in blocking
solution for 1 hour in a dark chamber at room temperature. After
repeated washing steps, cells were stained and mounted using with
15 μl of Mowiol/DABCO solution [17% (w/v) Mowiol, 33% (v/v)
glycerol, 1,4 – Diazobicyclo[2.2.2.]octan (DABCO) (50 mg/ml),
and DAPI (1 μg/ml)] preheated to 60°C. Immunofluorescence anal-
ysis was performed using a confocal laser-scanning microscope
FV1000 (Olympus, Hamburg). Serial optical sections were pro-
cessed with FluoView 04.02 (Olympus, Hamburg).

CRISPR-Cas9 genome editing
For CRISPR-Cas9 genome editing, multiguide RNA (mgRNA) syn-
thesized by Synthego targeting human MEP1A or MEP1B and re-
combinant Streptococcus pyogenes Cas9 nuclease 2NLS (Synthego)
were used to generate isogenicMEP1A andMEP1BKO cells. Caco-2
cells were transfected with 300 pmol of mgRNA and 60 pmol of
Cas9 by Amaxa nucleofection (program: CM-130, Lonza,
Cologne, Germany) using the SF Cell Line 4D-Nucleofector X Kit
S (Lonza Cologne AG, Cologne, Germany) according to the manu-
facturer’s instructions. Immediately after electroporation, single-
cell seeding in 96-well plates was performed to obtain single-cell
clones. Genotyping was performed on extracted genomic DNA
(GeneJET Genomic DNA Purification Kit, Thermo Fisher Scien-
tific) using DreamTaq PCR reagents (Thermo Fisher Scientific)
and the following oligonucleotides: MEP1A−/−, 5′-
CCCCATCTTTGGACCATTAGC-3′ (forward) and 5′-
CCATTCCTTGAGGCCCTTATCT-3′ (reverse); MEP1B−/−, 5′-
GACTAGGCAGTGGCGATTCTG-3′ (forward) and 5′-CCACA-
GACTCCGTTCCACATA-3′ (reverse).

mRNA isolation, cDNA transcription, and qRT-PCR
RNAwas isolated using NucleoSpin RNA Isolation Kit (Macherey-
Nagel) according to the manufacturer’s instructions. Afterward, 1
μg of total mRNAwas transcribed into stable cDNA by using Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
For qRT-PCR analysis, cDNA was amplified in the LightCycler480
II Real-Time PCR System (Roche Applied Science) according to the
manufacturer ’s instructions. All specific primers are listed in

Table 1 below. Relative amounts of the target gene were normalized
to the relative mRNA levels of gapdh.

Bacterial agglutination assay
For the bacterial agglutination assay the bacterial strains (E. faecalis
#29212, ATCC; E. coli #25922, ATCC; K. pneumoniae #13882 and
#13883, ATCC; P. aeruginosa #27853, ATCC) were plated the day
before use from frozen glycerol stocks and cultured on blood agar
at 37°C for 24 hours [Columbia-Agar with 7% sheep blood (Thermo
Fisher Scientific)]. Bacteria were then harvested by scraping and
rinsing off the plate and suspending the colony material in 20
mM Hepes (pH 7.2). The cell suspension was washed by centrifu-
gation at 4500g for 5 min at room temperature. The supernatant was
discarded, and the cells resuspended in 20 mMHepes. This washing
step was performed twice to remove residues from the blood agar.
Bacteria suspension was then diluted in 20 mM Hepes until the
optical density at 600 nm (OD600) was in a range of 0.8 to 1.0.
The diluted bacteria suspension was then used directly for the ag-
glutination assay. Fifty microliters of the respective bacteria suspen-
sion was transferred into the center of wells of a 96-well round-
bottom plate. After addition of the preincubated recombinant
protein samples (as described in the “Recombinant cleavage
assay” section), the content of the wells was gently mixed by pipett-
ing up and down. Once the 96-well plates were incubated at room
temperature for 24 hours, the presence or absence of bacterial ag-
glutination was examined by visual observation and documented by
photography. The area of nonagglutinated bacteria was calculated
using ImageJ Fiji. All values were normalized to the control
(Hepes buffer), while the control corresponds to 0 and maximum
agglutination to 1.

Fecal microbiome analysis
For fecal microbiome analysis, female wild-type, mep1a/b−/−, and
lgals3−/− mice (n = 6 of each strain) were cohoused for more than
4 weeks. Afterward, feces collection was accomplished using the
TransnetYX microbiome sample collection kits containing bar-
coded sample collection tubes (TransnetYX Microbiome, Transne-
tYX, Cordova, TN, USA). Two fecal pellets from each mouse were
placed in separate tubes containing DNA stabilization buffer to
ensure reproducibility, stability, and traceability and shipped for
DNA extraction, library preparation, and sequencing (TransnetYX).
The samples were analyzed by TransnetYX using shallow shotgun
whole-genome sequencing. Raw data (in the form of FASTQ files)
were analyzed using the One Codex analysis software and analyzed
against the One Codex database consisting of >115,000 whole mi-
crobial reference genomes. The relative abundance of each microbi-
al species is estimated on the basis of the depth and coverage of
sequencing across every available reference genome.

Table 1. Specific primers for quantification of LGALS3, MEP1A, and MEP1B via qPCR.

Forward primer Reverse primer Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′) Tm (°C) Target

Human LGALS3 #3 For Human LGALS3 #3 Rev CTTCTGGACAGCCAAGTGC AAAGGCAGGTTATAAGGCACAA 60.0 LGALS3

Human MEP1A #34 For Human MEP1A #34 Rev CTTGTTGGGACAATGCACAG GGGTAAAGAATCCGAGACTCC 60.0 MEP1A

Human MEP1B #68 For Human MEP1B #68 Rev CAGTGACTCTGATCTCCTAAAGTTGA TGCACGAGTCCATAAAACTCA 60.0 MEP1B

Human GAPDH #60 For Human GAPDH #60 Rev AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC 60.0 GAPDH
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Ex vivo mucus characterization
Mucus penetrability and mucus structure investigation
Distal colon mucus properties were examined in wild-type and
lgals3−/− as described previously (47, 74). Briefly, the mice were
anesthetized with isoflurane, euthanized by cervical dislocation
and the abdomen opened. The distal part of the large intestine
was dissected and flushed with ice-cold Krebs transport solution.
The tissue was opened longitudinally, and the longitudinal muscle
layer removed before mounting the epithelium in a chilled horizon-
tal Ussing chamber with the basolateral chamber filled with ice-cold
Krebs transport solution. The tissue and mucus were stained by
apical application of SYTO 9 Green Fluorescent Nucleic Acid
Stain (25 μM; Thermo Fisher Scientific) and Dylight 649–conjugat-
ed Ulex europaeus agglutinin I (UEA-I) (50 μg/ml; Vector Labora-
tories) and rhodamine-labeled wheat germ agglutinin (WGA) (50
μg/ml; Thermo Fisher Scientific) in a total volume of 50 μl of ice-
cold Krebs transport solution for 15min on ice. After removal of the
apical staining solution and gentle rinsing, 1-μm FluoSpheres car-
boxylate-modified microspheres (365/415) (Thermo Fisher Scien-
tific) diluted 1:10 in Krebs transport solution were applied and
left to sediment 5 min before gentle rinsing and imaging using an
LSM700 Axio Examiner Z.1 confocal microscope with Plan-Apo-
chromat ×20/1.0 dissolved inorganic carbon water objective and
the ZEN 2010 software. Confocal image analysis and processing
were performed in Imaris (version 9.5.0, Bitplane AG). Quantifica-
tion of bead penetration and mucus thickness was performed as
previously described (75).
Mucus growth analysis
For mucus growth analysis, the tissue was mounted in a horizontal
perfusion chamber with basolateral perfusion of Krebs solution
supplemented with glucose and mannitol supplemented static
Krebs solution on the apical side at 37°C. The mucus was visualized
by application of charcoal particles, and the mucus thickness was
measured using a glass needle connected to a micromanipulator
at t = 0, 15, and 30 min after mounting. The growth rate was calcu-
lated as the delta mucus thickness divided by time.

Bacterial 16S rRNA gene quantification by qPCR
Stool samples for bacterial 16S quantification was collected from
wild-type, lgals3−/−, and mep1a/b−/− mice that had been cohoused
for more than 6 weeks. The samples were collected under aseptic
conditions from approximately 2 cm of the distal colon. The
colon was flushed and rinsed with 5 ml of ice-cold 0.22-μm filter
sterilized PBS, and stool samples were collected from the flushed
material.

DNA was extracted using QIAamp PowerFecal Pro DNA kit
(QIAGEN) according to the manufacturer’s instructions. Sample
homogenization was achieved by four rounds of bead-beating per-
formed on a Fasp-Prep System (MPBio) at 4.5 m/s for 40 s with
cooling on ice between beating. DNA concentration was deter-
mined using Nanodrop.

Quantification of bacterial 16S by qPCR was performed using a
maximum of 50 ng of DNA template with SsoFast EvaGreen Super-
mix (Bio-Rad) and 0.3 μM specific primers as listed in Table 2. Re-
actions were run on a CFX96 platform (Bio-Rad) and analyzed
using CFXManager (version 3.1). For relative quantification of spe-
cific bacterial taxa (Firmicutes, Bacteroidetes, and Proteobacteria),
Cq values from qPCR using taxon-specific primer pairs were

normalized to values obtained using universal primers using the
ΔΔCq method.

C. rodentium infection
Animal experiments for the C. rodentium infection were carried out
with healthy age-matched 8- to 10-week-old female C57BL/6 J mice
in accordance with current guidelines of the European Union after
approval by the Institutional Review Board of the Medical Univer-
sity of Vienna and the Austrian Ministry of Sciences (protocol ID
GZ-2022-0.386.466). Mice were maintained in specific pathogen-
free environment at the Core Facility Laboratory Animal Breeding
and Husbandry of the Medical University of Vienna. Animals from
different litters were randomly intermixed and cohoused for at least
2 weeks before experiments to reduce potential cage-specific, mi-
crobiome-related effects. C. rodentium (strain DBS100) was provid-
ed by G. Boeckxstaens, KU Leuven, Belgium. For preparation of
bacterial inoculate, frozen stocks were streaked on MacConkey
agar plates (Sigma-Aldrich) and incubated overnight at 37°C. Ten
milliliters of Luria-Bertani broth (LB) medium were inoculated
from a single bacterial colony and incubated overnight at 37°C
with shaking at 180 rpm. The overnight liquid culture was used to
inoculate fresh LB medium in an Erlenmeyer flask at a dilution of
1:200. Bacteria were harvested after culture at 37°C at 180 rpm at an
OD600 of 0.5 to 0.9 by centrifugation for 5 min at 1800g at 4°C,
washed once with endotoxin-free PBS (Gibco), and resuspended
in endotoxin-free PBS at 5 × 109 colony-forming units (CFUs)/
ml. Before infection, serial dilutions of the inoculum were plated
on MacConkey agar to quantify the titer (viable bacteria). For
mouse infection, animals were transferred to biosafety level 2 envi-
ronment and allowed to acclimatize for at least 5 days. Mice were
infected with 109 CFUs of C. rodentium (or mock-infected with en-
dotoxin-free PBS) by oral gavage using a dosing cannula (Harvard
Apparatus) (76).

On day 7 after infection, animals were euthanized, and the colon
was collected and kept on ice. Colon tissue was homogenized in
RPMI 1640 medium (Gibco) using a Precellys homogenizer
(Bertin) and metal beads. Tissue lysate was mixed 1:1 with lysate
buffer [300 mM NaCl, 30 mM Trizma base, 2 mM MgCl2, and 2
mM CaCl2 (pH 7.4); all chemicals from Sigma-Aldrich] containing
protease inhibitor cocktail (P8340, Sigma-Aldrich) and incubated
30 min at 4°C. Following 15 min of centrifugation at 1500g and
4°C, supernatant was collected and stored at −80°C.

Human biopsies
Patients with UC and healthy controls gave written informed
consent before colonoscopy for biopsy collection. Approval was
granted by the ethics committee of the medical faculty of Kiel Uni-
versity (B231/98). In total, four severely inflamed colonic intestinal
biopsies from patients with CU and from four healthy controls were
collected and shock-frozen in liquid nitrogen. Frozen biopsies were
ground in liquid nitrogen to a fine powder, resuspended in 150 μl of
EDTA-free lysis buffer [1× cOmplete protease inhibitor cocktail,
EDTA-free (Roche), 1% (v/v) Triton X-100, and PBS (pH 7.4)]
and incubated for 45 min at 4°C. The lysate was centrifuged for
15 min at 15,000g at 4°C, and protein amount was determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions.
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Quantification and statistical analysis
All statistical analyzes were performed with the GraphPad Prism
7.04 software. In case of two datasets, an unpaired t test was
applied. The examination of datasets of more datasets was accom-
plished with a one- or two-way analysis of variance (ANOVA), fol-
lowed by a Tukey posttest (*P < 0.05; **P < 0.01; ***P < 0.001).
Values are expressed as means ± SD. The figures were created
with BioRender.com.

Data and software availability
The MS-based proteomics data have been uploaded to the Proteo-
meXchange Consortium via the PRIDE (77) partner repository with
the dataset identifier PXD037000.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10

View/request a protocol for this paper from Bio-protocol.
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