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ABSTRACT

The perturbation of the symbiotic relationship between microbes and intestinal immune system
contributes to gut inflammation and Inflammatory Bowel Disease (IBD) development. The host
mucosa glycans (glycocalyx) creates a major biological interface between gut microorganisms and
host immunity that remains ill-defined. Glycans are essential players in IBD immunopathogenesis,
even years before disease onset. However, how changes in mucosa glycosylation shape micro-
biome and how this impact gut immune response and inflammation remains to be clarified. Here,
we revealed that alterations in the expression of complex branched N-glycans at gut mucosa
surface, modeled in glycoengineered mice, resulted in dysbiosis, with a deficiency in Firmicutes
bacteria. Concomitantly, this mucosa N-glycan switch was associated with a downregulation of
type 3 innate lymphoid cells (ILC3)-mediated immune response, leading to the transition of ILC3
toward an ILC1 proinflammatory phenotype and increased TNFa production. In addition, we
demonstrated that the mucosa glycosylation remodeling through prophylactic supplementation
with glycans at steady state was able to restore microbial-derived short-chain fatty acids and
microbial sensing (by NOD2 expression) alongside the rescue of the expression of ILC3 module,
suppressing intestinal inflammation and controlling disease onset. In a complementary approach,
we further showed that IBD patients, often displaying dysbiosis, exhibited a tendency of decreased
MGATS5 expression at epithelial cells that was accompanied by reduced ILC3 expression in gut
mucosa. Altogether, these results unlock the effects of alterations in mucosa glycome composition
in the regulation of the bidirectional crosstalk between microbiota and gut immune response,
revealing host branched N-glycans/microbiota/ILC3 axis as an essential pathway in gut home-
ostasis and in preventing health to intestinal inflammation transition.
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Introduction
inflammatory diseases, such as Inflammatory Bowel

Disease (IBD),>* an event that can occur years before
diagnosis.* Despite advances in therapeutic resources,
IBD remains incurable.” Therapies modulating
microbiota are an emerging field of research,” with
potential to revolutionize IBD therapy in a near
future. Thus, it is essential to understand the causes
underlying the metabolic changes associated with loss

The human gut is home to a diverse collection of
microorganisms - the intestinal microbiota - that has
co-evolved with the immune system, maintaining
a symbiotic relationship essential for homeostasis."
The perturbation of the cooperative relationship
between microbes and the intestinal immune system
is shown to contribute to the onset of many
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of gut microbial equilibrium (dysbiosis) and with gut
inflammation, envisioning novel disease biomarkers
and new therapeutic targets.

Host glycocalyx, which is the repertoire of gly-
cans/sugar chains expressed at the surface of all
cells, is a major biological and physical interface
between intestinal mucosa, microorganisms and
host immune response, essential to guarantee
homeostasis.> '° Hence, host glycocalyx is a key
target in a disease context that remains largely
unexplored. In fact, the dense and complex coat
of sugar-chains that cover our gut mucosa is an
essential niche for microbiota colonization."
Moreover, the human gut microbiota is able to
degrade and use host glycans as a major source of
nutrients and energy,'>'> producing short-chain
fatty acids (SCFAs) that are fundamental in main-
taining intestinal homeostasis through the regula-
tion of epithelial and immune cells.>'*"”

Mucins are the typical example of mucosa gly-
coproteins, heavily decorated with O-glycans,
which are essential for building barriers that pro-
tect our inner surfaces from bacteria.">'” Changes
in the expression of truncated mucins O-glycans or
the disruption of epithelial fucosylation were asso-
ciated with increased susceptibility to bacterial
infection.'® However, the diversity of glycans pre-
sentation at the gut mucosa is enormous, going far
beyond mucin O-glycans. The prominent expres-
sion of N-glycan structures in the human intestine
places them as ideal, hitherto poorly defined, mole-
cular interfaces between microorganisms and the
immune microenvironment.'” However, whether
and how N-glycans at the surface of gut mucosa
act as shapers of the gut microbiota composition
and function and how this impact in the break-
down of gut homeostasis associated with IBD
immunopathogenesis is a fundamental question
that remains unanswered.

Previous evidence from our group have been
demonstrating the key role of protein glycosylation
in IBD immunopathogenesis, revealing the power of
glycome alterations even years before disease
diagnosis.>**">* We showed that ulcerative colitis
patients exhibit a deficiency in the expression of com-
plex branched N-glycans structures, associated with
T cell hyperactivity and disease severity.”> We also
demonstrated that mice deficient in Mgat5 glycogene,
thus lacking N-acetylglucosaminyltransferase-V

(GnT-V)-mediated complex branched N-glycans
structures, have an increased susceptibility to severe
forms of colitis and to early onset disease.*
Importantly, changes in glycome were found to
occur years before Crohn’s disease (CD) diagnosis,
supporting the predominant biological relevance of
glycans in health to intestinal inflammation transition
and IBD onset.”' In addition, alterations in mucosa
glycosylation have been also correlated with risk for
colitis-associated ~ cancer  development.*>**2°
Altogether, this previous evidence highlights the pro-
minent role of N-glycans in modulating gut immu-
nity, with promising translational clinical applications
in IBD prognosis and treatment.”**”*® However,
when, why and how an altered host mucosa glycome
shapes microbiome composition associated with
immune activation and IBD development is a key
question that remains ill-defined. In this study, we
created a glycoengineered mice deficient in Mgat5
gene to investigate whether and how an altered host
glycocalyx, translated into fluctuations in the abun-
dance and spatial distribution of mucosa N-glycans, is
a fundamental factor that mediates loss of immune-
tolerance, by leading to the selective overgrowth of
pathobionts, triggering dysbiosis and consequently
the activation of intestinal immune response. Our
results reveal host glycocalyx and specifically mucosa
branched N-glycans as master regulators at the fron-
tier of microbiome and ILC3/ILCl-mediated
immune response, bringing to light the power of
glycosylation reprogramming of gut mucosa as
a promising intervention strategy to prevent IBD
onset with clinical applications.

Materials and methods
Human cohort

To characterize the immune populations, fresh
intestinal biopsies from 5 patients diagnosed with
IBD (n=2 UC; n=3CD) and 3 healthy controls
were retrieved at Centro Hospitalar Universitario
Santo Anténio, Porto, Hospital Beatriz Angelo,
Loures, and Hospital da Luz, Lisbon. Healthy indi-
viduals are those without significant pathological
findings. Samples were taken from the terminal
ileum or the sigmoidal colon. In IBD patients,
both inflamed and non-inflamed material were
collected (See Supplementary Table S1). Patient



identity was taken properly into account to allow
for dependent samples in the statistical analyses.
Ethical approval was obtained at the Ethical
Committees of all Hospitals. All study participants
gave written informed consent prior to sampling
and data collection.

Animals

C57BL/6 wild-type (Mgat5"") and Mgat5s-
deficient mice (Mgat5~'", kindly provided by
Michael Pierce, University of Georgia, Athens,
GA) were bred and maintained in accredited ani-
mal facilities at the Institute for Research and
Innovation in Health (i3S). Mice were housed in
groups of 5-10, in HEPA filter-bearing cages,
under 12-hour light/dark cycles. Autoclaved chow
and water were provided ad libitum. Cages were
enriched with nesting materials. Females between 9
and 14 weeks were used. Experiments were con-
ducted with the approval of the Animal Ethics
Committee and the Animal Welfare Body of the
i3S. The protocols are in agreement with in-house
standards and rules for animal experimentation,
comply with national legislation and are integrated
within a project, which is licensed by the
Portuguese competent authority, DGAV (license
number 009268/2022-06-02).

Co-housing

Four-week-old Mgat5"" and Mgat5~'~ mice were
weaned and moved to the same cage, in order to
share the same environment. Mice were housed in
the same cage at a maximum amount of 10 mice
per cage. Co-housing was performed for 5 weeks.
Stool samples were collected before and after co-
housing for both Mgat5"" and Mgat5~'~ mice.

GIcNAc supplementation

To assess the prophylactic properties of glycan
supplementation, 4-week-old Mgat5"V" and
Mgat5~'~ mice were treated with 800 mg/Kg/day
of GIcNAc (Wellesley Therapeutics, Inc.) in the
drinking water, ad libitum, for 8 weeks. This dose
was based on previous publications from others
and us.*>*7*! No alterations in the regular beha-
vior and water consumption were observed. Stool
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samples were collected before and after GIcNAc
supplementation. The histological profile, as well
as the immune response, were analyzed upon
GIlcNAc treatment.

DSS-induced colitis

Mice with 9 to 11 weeks of age were given dextran
sulfate sodium (DSS; 2% (w/v), molecular weight
approximately 36,000-50000 Da; MP Biomedicals)
in the drinking water ad libitum for 7 days. Clinical
signs of colitis, such as weight loss, stool consis-
tency, and presence of blood were monitored daily
and measured by the disease activity index (DAI)
(See Supplementary Table S2). Mice were eutha-
nized at the end of each experiment or earlier, if the
symptoms of clinical disease reached one of these
endpoints: more than 20% weight loss, diarrhea, or
gross bleeding. The histological profile, as well as
the immune response, were analyzed after colitis
induction.

Isolation of lamina propria leukocytes (LPL)

To isolate lamina propria leukocytes (LPL), colons
were flushed with Ca- and Mg-free PBS Fragments
of 0.5-1 cm were incubated in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS),
1% penicillin/streptomycin, 1 mm CaCl,, 1 mm
MgCl,, and 1 mg/mL of collagenase IV (Sigma),
under 100 rpm agitation at 37°C for 40 minutes.
Tissues were dissociated and filtered through
a 70 um cell strainer (BD Biosciences). Cell suspen-
sion was centrifuged, the pellet was resuspended in
RPMI 1640 medium supplemented with 10% FBS,
and 1% penicillin/streptomycin, and layered upon
Lymphoprep solution in a proportion of 1:2
(Lymphoprep:cell suspension). After gradient cen-
trifugation at 800 g for 20 minutes at 20°C (without
acceleration or break), cells retained in the inter-
face were collected for the staining of immune cells,
whereas cells retained in the bottom of the tube
were collected for staining of nonimmune cells.
Both fractions were washed in RPMI and kept in
ice before analysis.

To isolate lamina propria leukocytes from human
fresh colonic biopsies it was performed a mechanical
dissociation in HBSS with 1% Pen/Strep and 0.1%
Gentamycin. Then, human fresh colonic biopsies
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were digested with 0.9 mg/mL of collagenase IV in
RPMI supplemented with 10% FBS, 100 U/mL Pen/
Strep, 1 mm CaCl, and 1 mm MgCl,, for 45 min with
agitation, at 37°C. Cell suspensions were then filtered
in 70 um cell strainers and washed with PBS.
Following, cells were centrifuged for 10 min at 300 g
and 4°C, and the pellet was resuspended in FACS
buffer and ready to proceed for flow cytometry
staining.

Flow cytometry analysis

All cells analyzed by flow cytometry were stained with
Fixable Viability Dye (FVD) eFluor™ 780 for viability
analysis and exclusion of dead cells. For lectin stain-
ing, cells were incubated for 15 minutes, at 4°C pro-
tected from light, with conjugated lectins: L-PHA-
fluorescein,  L-PHA-biotin, =~ GNA-fluorescein,
Sambucus Nigra Lectin (SNA)-fluorescein, Maackia
Amurensis Lectin II (MAL-II)-biotin and Ulex
Europaeus Agglutinin I (UEA-I)-biotin, for evalua-
tion of complex branched N-glycans (L-PHA), high-
mannose residues (GNA), a-2,6 sialic acid (SNA), a-
2,3 sialic acid (MAL-II), and a-linked fucose residues
(UEA-I). Cells stained with biotinylated lectins were
then incubated with streptavidin-PE or streptavidin-
Spark Blue 550 for 30 minutes.

For staining of lamina propria lymphocytes, cells
were stimulated with 20 ng/mL of phorbol myristate
acetate (PMA), 200 ng/mL ionomycin calcium salt,
and 10 ug/mL of brefeldin A for 4 hours at 37°C.
After staining with FVD, surface staining was per-
formed by incubation for 30 minutes at 4°C with the
surface antibodies shown in Supplementary Table S3.
Intracellular staining was performed using the
eBioscience Foxp3/Transcription Factor Staining
Buffer set and the intracellular antibodies displayed
in Supplementary Table S3. Gating strategy is pre-
sented in Supplementary Figure S2A. Cells analysis
was performed on a BD FACSCanto II (Becton
Dickinson) or Cytek Aurora (Cytek). Data was ana-
lyzed using FlowJo software (Tree Star).

Tissue histochemistry and histological
characterization

Samples from colons were fixed in 4% paraformal-
dehyde and 5 pm paraffin-embedded sections were
stained with hematoxylin and eosin (H&E).

Inflammation was assessed blindly using
a graduated semi quantitative system as previously
described.’> Besides H&E staining, lectin histo-
chemistry was performed to assess the glycan pro-
file of the colonic tissue. Paraffin-embedded
sections were incubated with lectins Phaseolus vul-
garis Leucoagglutinin (L-PHA) and Galanthus
nivalis Lectin (GNA) for evaluation of complex
branched N-glycans (L-PHA) and high-mannose
residues (GNA). Staining with Alcian Blue/
Periodic Acid-Schiff (AB/PAS) of colon section
was performed to evaluate polysaccharide struc-
tures and mucus layer. Goblet cell number was
assessed for each experimental condition in
a blinded fashion. Only intact crypts, cut longitud-
inally from crypt opening to bottom, were quanti-
fied. The mucus depth for each section was
measured on 3 different areas of microscopic
images captured by a digital camera, under
a microscope using a 100x objective lens. Images
were captured using an Brightfield Microscope -
Leica DM2000 LED microscope and recorded with
a digital camera Flexacam C3 using Leica
Application Suite X (LAS X) software. Image ana-
lysis was performed using Fiji (Image]) software.

Intestinal permeability assay

In vivo intestinal permeability was assessed by
administration of fluorescein isothiocyanate
(FITC) labeled dextran. Food and water were with-
drawn for 8 hours. Mice were administered 44 mg/
100 g of body weight of FITC-labeled dextran (TdB
Labs AB; 4 kDa) by oral gavage. Serum was col-
lected four hours later, and fluorescence intensity
was measured by spectrophotofluorimetry (excita-
tion: 485 nm; emission: 528 nm).

RNA extraction, cDNA synthesis and quantitative
real-time PCR

Total RNA from mice was extracted using
RNAqueous-Micro Kit (Invitrogen) according
to the manufacturer’s protocol. Total RNA was
quantified using the Nanodrop 1000 system and

RNA was transcribed into single-stranded
cDNA  using  Superscript IV~ Reverse
Transcriptase  (Invitrogen) and Random

Hexamer Primers (Invitrogen, Oregon, USA)



according to the manufacturer’s recommenda-
tions. The quantitative real-time PCR (qRT-
PCR) was performed in 96-well reaction plates.
cDNA was amplified using NZYSupreme qPCR
Green Master Mix, ROX (NZYtech) using spe-
cific using the primers stated on Supplementary
Table S4. Amplification data were acquired with
7500 Fast Real-Time PCR System (Applied
Biosystems). Glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh) were used as housekeeping
gene. Relative quantification values for gene
expression were calculated based on the ACt

method, as follows: 27(Target gene mRNA expression —
housekeeping gene mRNA expression)

Cytokine quantification

For the colon explants, cytokine concentrations
were analyzed by flow cytometry using cyto-
metric bead arrays: the LEGENDplex” MU Th
Cytokine Panel (13-plex) (Biolegend), according
to the manufacturer’s instructions. Samples were
measured on the BD Accuri C6 instrument (BD
Biosciences, US) using a specific template pro-
vided by BD Biosciences.

SCFAs quantification

Colonic tissue was minced to small pieces and
homogenized in 500 pL of cold PBS with a glass
homogenizer on ice. The suspension was ultraso-
nicated followed by a centrifugation for 15 minutes
at 5000 rpm. The quantitative determination of
SCFAs in colonic tissue was determined using the
Mouse Short-Chain Fatty Acids (SCFAs) ELISA kit
(Amsbio), according to the manufacturer’s instruc-
tions. Optical Density (O.D.) was measured at 450
nm using a microplate reader (Biotek
Instruments).

Bioinformatic analysis

16S rRNA sequencing, bioinformatic and statistical
analysis of gut microbiota composition

Stools were collected before DSS treatment from
mice, single-housed and co-housed, as well as
before and after GIcNAc supplementation, and
snap frozen in liquid nitrogen. Microbiota
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composition was determined by 16S rRNA gene
sequencing and analyzed as previously
described.” Sequencing was performed on an
Mlumina MiSeq platform (Illumina) at
GenoScreen with a 250-bp paired-end sequencing
protocol. Raw paired-end reads were subjected to
the following process: (1) quality filtering using the
PRINSEQ-lite PERL script®* by truncating the
bases from the 3’ end that did not exhibit
a quality & less than 30 based on the Phred algo-
rithm; (2) paired-end read assembly using FLASH
(fast length adjustment of short reads to improve
genome assemblies) with a minimum overlap of 30
bases and a 97% overlap identity; and (3) searching
and removing both forward and reverse primer
sequences using CutAdapt, with no mismatches
allowed in the primers sequences. Assembled
sequences without forward and reverse primers
were removed.

Joined sequences were imported into the ampli-
con version of Qiime2 (version 2023.9).> Sequence
inference was performed using Deblur.>® Taxonomy
was assigned using the SILVA database (v138.1).”
Functional inference was performed using Picrust2
(v2.4.1).>® All downstream analysis was performed
in R and RStudio. For samples from the animal
experiment  with  glycan  supplementation
(Supplementary Figure S5F), forward reads only
were analyzed using the dada2 package.”
Taxonomic processing and downstream analysis
were otherwise the same. The phyloseq package
(v1.40.0) was used to handle and analyze micro-
biome data.*” The vegan package (v2.6.2) was used
to perform diversity analyses. Samples were rarefied
to an even depth of the sample with the lowest
counts prior to performing diversity analyses.
Alpha diversity was calculated using the Chaol
and Shannon indices and beta diversity was calcu-
lated using the unweighted unifrac distance.*!
Pairwise differential abundance testing was per-
formed between single-housed wild type vs single-
housed Mgat5~'~, as well as Mgat5~'~ single-housed
vs co-housed animals with taxa agglomerated at the
genus level and rarefied, as recently suggested,*
using MaAsLin 2,* with the variable of interest
a fixed-effect and the experiment as a random effect.
“TSS” normalization and “LOG” transformation
was used with prevalence filtering at 0.1. A g-value
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of 0.2 was applied to filter taxa. A similar analysis
was performed using the unstratified pathway out-
put of Picrust2 (Mgat5~'~ single-housed vs co-
housed animals), without prior rarefaction and
using a g-value of 0.05 and prevalence filtering of
pathways in at least 50% of samples. For correlation
of disease activity and differentially abundant taxa
between Mgat5~'~ single-housed vs co-housed ani-
mals, the area-under-the-curve (calculated using the
AUC function in the DescTools package (v0.99.54)
with the “trapezoid” method) was calculated
between day 0 and day 10 (with day 7 removed as
some measurements were missing). Taxa were pro-
portion-normalized, and the spearman correlation
coefficient was used. Samples with a correlation
p-value of <0.05 were manually plotted with the
‘stat_smooth’ function in ggplot2 using a “gam”
method. All plotting was performed using ggplot2
(v3.4.1) and ggpubr (v0.4.0). Statistical tests of pair-
wise comparisons between independent groups
were performed using the Wilcoxon rank sum test.

Human single-cell and bulk RNA sequencing
analysis

Single cell RNA-seq data from Martin et al.** with
the accession number GSE134809 was downloaded
from NCBIs GEO database. Cell type annotations
provided by the authors were used for subsequent
analysis. For the quantification of MGAT5 in the
epithelial component, the mean of all cells with
above zero expression, per patient, was calculated.
To analyze the epithelial component, we evaluated
all passing cells excluded from the study.** Passing
cells were considered all those with more than 800
UMIs, a percentage of mitochondrial genes below
25% and a percentage of hemoglobin genes lower
than 10%. All analysis were performed using Seurat
v5.1.0. To focus only on the epithelial component,
mesenchyme, immune, and hematopoietic cells
were removed based on marker genes LSPI,
MZB1, VIM, CD52, and COL3A1. Only patients
with more than 50 cells were kept. After the quality
control step, library size normalization was per-
formed using Seurat Normalize Data. Highly vari-
able genes were identified by fitting the mean-
variance relationship and dimensionality reduction
was performed using principal-component analysis.

Scree plots were used to determine principal com-
ponents to use for clustering analyses. Cells from
different patients were merged and batch effects
were corrected using harmony (version 1.2.0) algo-
rithm. Cells were then clustered using the Leiden
algorithm for modularity optimization using kNN
graph as input, for a cluster resolution of 0.8. Cell
clusters were visualized using UMAP algorithm
with the first 20 dimensions as input. Both cluster-
ing and UMAP algorithms used the harmony
dimensionality reduction as input instead of princi-
pal components. Cell-type annotation was per-
formed based on the expression profile of marker
genes from published work on human intestinal
tract.*” Briefly, all EPCAM-positive cells were
divided into stem cells (LGR5, ASCL2, SMOC?2,
RGMB, OLFM4), Paneth (DEFA5, DEFAS,
REG3A), cycling transit-amplifying (MKI67,
TOP2A, PCNA), goblet cells (CLCAI, SPDEF,
FCGBP, ZG16, MUC2), BEST4 enterocytes (BEST4,
OTOP2, CA?), enterocytes (RBP2, ANPEP, FABP2)
and colonocytes (CA2, SLC26A2, FABPI), enteroen-
docrine cells (EEC; CHGA, CHGB, NEURODI),
Tuft cells (POU2F3, LRMP, TRPM5). Gene signa-
tures were evaluated using UCell (version 2.6.2) for
a set GIcNAc transferases participating in the
branching N-glycosylation pathway (MGATS5,
MGAT5B MGAT4D, MGAT4C, MGATH4B,
MGAT4A, MGAT3, MGAT1). Significance was cal-
culated using the Wilcoxon test. Percentage of ILC1
and ILC3 was calculated based on the total number
of cells within each patient.

Bulk RNA sequencing from 12 healthy controls
and 9 Crohn disease with inflamed epithelial were
retrieved from dataset published by Hisler et al.*
Violin plots using Deseq2 normalized counts of
MGATS5 and RORC were generated to assess differ-
ences in expressions amongst groups.

Statistical analysis

All statistical analyses were executed using
GraphPad Prism 8.0 Software. Data from flow
cytometry was analyzed with Flow Cytometry
Analysis Software (Flow]o). The presence of out-
liers was evaluated using ROUT method (Q = 1%).
Normality was assessed by performing D’Agostino-
Pearson or Shapiro-Wilk normality tests. For



statistical analyses, unpaired t-test or Mann-
Whitney test were used, according to normality.
For DAI analysis, two-way ANOVA was used.
Data obtained were expressed as mean + standard
deviation (SD). Statistical significance was consid-
ered at p<0.05 and statistically significant values
were represented as follows: *p <0.05, **p <0.01,
¥p <0.001 and ****p <0.0001.

Results

Changes in mucosa branched N-glycosylation
promote gut dysbiosis and increase intestinal
permeability associated with intestinal
inflammation

Our previous evidence showed that the deficiency
in the expression of complex branched N-glycans
in Mgat5 knockout mice (Mgat5‘/ 7) resulted in an
early onset colitis in DSS-induced model, with
mice developing severe forms of intestinal
inflammation (Supplementary Figure S1A).*°
However, whether this deficiency on mucosa gly-
come may impact microbiota composition asso-
ciated with colitis susceptibility —remains
unknown. An extensive characterization of the
mucosa glycosylation profile was performed in
Mgat5”" mice using lectins that specifically recog-
nize different glycan structures (Supplementary
Figure S1B). The results showed the clear defi-
ciency in P1,6-GlcNAc complex branched
N-glycans (detected by L-PHA) in the intestinal
epithelial cell surface (CD45  cells) of colitis-
susceptible Mgat5”" mice compared with
Mgat5"V" (Figure 1(a,b); Supplementary Figure
S1C and D). In contrast, higher levels of less
complex, mannose-enriched N-glycans (GNA
binding) at the gut mucosa surface were detected
in Mgat5” mice (Figure 1(c,d); Supplementary
Figure S1C and E) in comparison with
Mgat5"". These observations are supported by
the lower ratio of LPHA/GNA exhibited by
Mgat5” mice (Supplementary Figure SIF),
which points toward an overexposure of man-
nose-enriched epitopes at the gut mucosa surface.
A slight decrease in a(1,2)-fucosylation (UEA-I
binding) (Supplementary Figure S1G) was
observed and no alterations in terminal a2,6
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sialylation (SNA binding) (Supplementary Figure
S1H) or a(2,3) linked sialic acid (MAL II bind-
ing) (Supplementary Figure S1I) in epithelia were
detected. Despite the fact that mucus layer is
mainly  O-glycosylated, the presence of
N-glycans may also affect mucins folding and
dimerization.*” Thus, the impact of the deficiency
in f1,6-GlcNAc complex branched N-glycans in
mucus layer of Mgat5” mice was analyzed,
showing that the number of goblet cells seems
to be reduced in Mgat5” mice relative to
Mgat5"" (Supplementary Figure S1J). Moreover,
it was also observed that the colonic mucus layer
of Mgat5”" mice appears to be much thinner than
Mgat5™" (Supplementary Figure S1K). Then, we
evaluated how the mucosa glycan switch imposed
by the deficiency complex branched N-glycans
and overexposure of mannose-enriched glycans
affects the gut microbiota composition, by per-
forming 16S rRNA sequencing of stool content
from Mgat5~'~ mice and Mgat5" " mice in steady
state. The results showed that mice lacking com-
plex branched N-glycans display a clear dysbiotic
microbiota composition at steady state when
compared with MgatSWT mice (Figures 1(e,f)
and 2e). Indeed, Mgat5~'~ mice showed an imbal-
ance in the composition of different phyla rela-
tive to Mgat5" " mice with significantly decreased
abundance of specific taxa belonging to
Firmicutes phylum, such as Blautia, NK4A214
group and Lachnoclostridium genera. In contrast,
the increased abundance of bacterial species such
as Marvinbryantia, Ruminococcaseae,
Clostridia_UCG 014, Anaeroplasma, and
Lachnospiraceae_FCS020_group, were detected in
Mgat5”" mice. Additionally, Muribaculaceae
family from Bacteroidota phylum,
Coriobacteriaceae_UCG 002, Eggerthellaceae from
Actinobacteriota phylum and Paracoccus genus
belonging to Proteobacteria phylum, also exhib-
ited increased abundance in Mgat5”" mice
(Figure 1(e)). Accordingly, we also found that
the colonic microenvironment of Mgat5"'~ mice
exhibited significant decreased levels of SCFAs,
that are considered major players in intestinal
homeostasis*® (Figure 1(g)). In line with this,
we also demonstrated a concomitant reduced
expression of receptors and transporters of
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Figure 1. Reduction of branched N-glycans in mice promotes intestinal permeability and gut dysbiosis. (a and b) levels of
B1,6-branching N-glycans at steady state in epithelial cells (CD45- cells) from Mgat5~'~ mice and Mgat5™" controls. (a) L-PHA lectin
was used to detect branched N-glycans and the median fluorescence intensity (MFI) was determined by flow cytometry. MFI was
normalized for the average of Mgat5~'~ mice MFI; in the representative histogram, dark gray, light gray and orange depicts unstained



SCFAs,* namely Gpr43, Gprl09a, Mctl and
Smctl (Figure 1(h-k)).

Given the biological relevance of intestinal gly-
cocalyx in maintaining the integrity of gut bar-
rier, we then evaluated the impact of the
deficiency of complex branched N-glycans in
intestinal permeability. By performing FITC-
dextran assay, we showed that Mgat5”" mice
exhibited an increased permeability of intestinal
epithelial barrier, as illustrated by the increased
FITC-dextran levels detected in Mgat5~'~ mice
serum (Figure 1(1)). In addition, and since the
regulation of tissue integrity and gut permeability
also depends on the expression and interaction of
proteins in cell - cell junctional complexes, such
as the tight-junctions,”® we also evaluated the
expression of claudin-1, -2, -3, —4 and occludin.
The results showed an increased expression of
claudin-1 and -2 in MgatS_/ ~ mice (Figure 1(m,
n)), as described to occur in IBD,”"? alongside
a marked loss of sealing claudins -3 and —4 in
comparison with Mgat5wT mice (Figure 1(o,p)).
No significant differences were observed in the
expression of occludin between Mgat5™" and
Mgat5~'~ mice (Supplementary Figure SIL).
Altogether, these results demonstrate the func-
tional impact of changes in the gut mucosa
N-glycome composition in triggering alterations
of gut microbiome alongside with perturbations
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Sharing of the intestinal microbiota between
Mgat5~"~ and Mgat5™"™ mice impacts colitis
susceptibility

We then sought to explore the role of the dysbiotic
microbiota imposed by changes in host glycocalyx, in
defining susceptibility to intestinal inflammation. To
explore this, Mgat5 '~ and Mgat5" " mice were co-
housed (in the same cage), aiming to promote the
sharing of their microbiota in a glycoengineered-
dependent environment. Upon co-housing, colitis
was induced with DSS (Figure 2(a)). Interestingly, co-
housed Mgat5~'~ mice (CH-Mgat5~'") developed
a less severe disease, as indicated by lower DAI and
area under the curve (AUC) when compared with
single-housed Mgat5~'~ (SH-Mgat5™'"") (Figure 2(b,
¢)). Remarkably, co-housed Mgat5"" (CH-Mgat5
WT) exhibited a worse disease course (Figure 2(b,c)),
which supports the relevance of host glycosylation in
dictating the susceptibility to intestinal inflammation
in a process mediated by microbiota alterations.

Gut microbiota composition analysis upon co-
housing further revealed a clear gain in terms of
increased abundance and diversity in CH-Mgat5
= comparing with SH—Mgat5_/_ (Figure 2(d,e)),
which is in line with the milder disease symp-
toms. Indeed, upon co-housing, colitis-susceptible
Mgat5~'~ mice exhibited a pronounced modula-
tion of gut microbiota, mainly characterized by
the enrichment of Firmicutes bacteria, the down-

of the intestinal barrier integrity. regulation of Proteobacteria and Actinobacteriota

control, Mgat5s"" and Mgat5”, respectively. (b) Lectin histochemistry staining with L-PHA in mouse colonic samples. Scale bar =
50 um. (c and d) levels of high-mannose N-glycans at steady state in epithelial cells (CD45™ cells) from Mgat5”~ mice and Mgat5™'
controls. (c) GNA lectin was used to detect mannose N-glycans and the median fluorescence intensity (MFI) was determined by flow
cytometry. MFI was normalized for the average of Mgat5~~ mice MFI; in the representative histogram, dark gray, light gray and
orange depicts unstained control, Mgat5"" and Mgat5”, respectively. (d) Lectin histochemistry staining with GNA in mouse colonic
samples. Scale bar = 50 um. (e) Linear discriminant analysis (LDA) of the gut microbiota composition based on 16S rRNA sequencing in
the fecal samples from Mgat5”~ and Mgat5"'" mice at steady state. (f) Principal component analysis (PCoA) of gut microbiota
composition generated on Jaccard based on 165 rRNA sequencing of fecal samples from Mgat5”" and Mgat5"" mice at steady state.
(g) Concentration of short-chain fatty acids (SCFAs) measured by ELISA in the colon of Mgat5”" and Mgat5™" mice at steady state. (h-k)
the mRNA expression levels at steady state of genes encoding SFCAs receptors (h) Gpr43, (i) Gpr109a, and SFCAs transporters (j) Smct1
and (k) Mct1 in the colonic tissue from Mgat5”" and Mgat5"" mice measured by RT-qPCR. Expression of target gene mRNA was
calculated based on housekeeping gene (Gapdh). mRNA expression levels were normalized for the average of mRNA levels of Mgat5~/
~ mice. (I) Intestinal permeability measured by FITC-labeled dextran in Mgat5~~ and Mgat5™" mice at steady state. (m-p) the mRNA
expression levels at steady state of genes encoding for (m) claudin-1, (n) claudin-2, (o) claudin-3, and (p) claudin-4 in the colonic tissue
from Mgat5” mice and Mgat5"'" controls measured by RT-qPCR. Expression of target gene mRNA was calculated based on house-
keeping gene (Gapdh). mRNA expression levels were normalized for the average of mRNA levels of Mgat5~~ mice. (a and ¢) n
=14-19 per group. (f) n = 6-7 per group. (g) n = 7 per group. (h-k) n = 9-12 per group. (I) n = 7-8 per group (m-p) n = 9-16 per group.
Each datapoint represents an individual animal. Data is represented as mean £ SD. *p < 0.05; **p < 0.01; ****p < 0.0001 using an
unpaired two-tailed Student’s t-test or Mann-Whitney test.



10 e C. S. RODRIGUES ET AL.

a
. 5Weeks

Euthanasia

Colitis induction Recovery '
| (DSS 2%) | (H,0) {
| B | |
(S )
@ €D> €5 Day 0 Day 7 Day 12
A 2
Single-housing Single-housing Co-housing
Mgat5"™ Mgat5* Mgat5'"" + Mgat5™
Disease Activity Index (AUC) Chao1 | [Shannon|
51 ## . —_— 300 -
=8~ SH_Mgats"™ i iy [ — —
ok
44 -8 SH_Mgat5™ # F Pubiiied —
B CH_Mgats™ Ry -I- .
wr
34 =8~ CH_Mgat5' 20 E . Housing &
200 . o Genotype
o .u
s o] § . B SH_Mgat5™
3 < E SH_Mgat5*
g 8 g B CH_Mgat5™™
14 o 3 Ed CH_Mgat5*
*+ SH_Mgat5"" vs SH_Mgat5™ 18 .
04 * SH_Mgat5" vs CH_Mgat5™ 100
# SH_Mgat5"™ vs CH_Mgat5"'T -
-1 T T T T T T T T T T T T T
0123456738 9101112 . T 5
10 e
Time(days) Interaction.Geno.Hous
Jaccard Increased  Increased
SH-Mgat5* CH-Mgat5™
0.25 Ri= 0.255 R
P=0.004
I
; 0.00 Oscillospirales [UCG.010] -
o
- Ruminococcaceae 1 -
{2}
% -0:25 Family_XIll_AD3011_group -
NK4A214_group .
-0.50: Marvinbryantia -
-0.5 0 0 0.5 1.0 Housing &
Axis.1 [45.7%] Genoty%e g Eggerthellaceae [g_NA]
©
: g:":(\g = Monoglobus -
Jaccard - CHWT
Ri=0.0255 L )
65 P=0.004 . = CH.KO Muribaculaceae -
[Eubacterium]_nodatum_group -
0.1
= . Phylum
5 Escherichia.Shigella -
L 00 Actinobacteriota
g ‘ 4 Erysipelotrichaceae [g_NA] - . Bacteroidota
-0
' Faecalibaculum - . Firmicutes
0 ' Parasutterella - . Proteobacteria
02 000 025 25 00 25 50 75
Axis.2 [12.1%] coef
[srwmgars | [ sAmeas | [T crmgats™ | [ chmgats- | simgats'™ || stmgars | [_CHMgats™ | [__CH mgas__|  colour
i6b I v
[] Genus
Il 5_(Eubacterium]_xylanophilum_group
o_n2
0.75 _Alistipes

| o__sifidobacterium
_Blautia
|_Clostridia_UCG-014

I o__colidextribacter

M o_Faecalibacuium
9__Lachnoclostridium

[l o__tachnospiraceae_NK4A136_group
9__Lachnospiraceae_UCG-001

Il o_Muribaculaceae

B o_oscilibacter
9_Parasutterelia

B o_Roseburia
9_Turicibacter

M o_uncuitured

B na

Abundance
3

Abundance
2

1.00
0.75
0.25
0.00:

Figure 2. Co-housing of Mgat5~'~ mice with Mgat5"" mice impacts gut dysbiosis and colitis susceptibility. (a) Schematic representa-
tion of co-housing experiment. Mgat5”" and Mgat5"'" mice (controls) were co-housed for 5 weeks. Then, colitis was induced by giving
ad libitum 2% DSS, in the drinking-water, for 7 days followed by normal water for 5 additional days. (b) Disease activity score (DAI) of
single-housed (SH) and co-housed (CH) Mgat5™ or Mgat5Wr mice upon DSS-induced colitis. (c) The area-under-the-curve (AUC) of DAI
between single-housed (SH) and co-housed (CH) Mgat5”" or Mgat5™" mice upon DSS-induced colitis. (d) Richness and evenness of
fecal microbiota composition from mice before and after co-housing analyzed by 16S rRNA sequencing. (e) Principal component

Sample Sarmpre”

Phylum

I »_Acinobactrota
p_Bacteroidota colour
- ™

B -_Fimiotes
p_Patescibacteria

[ p—



phyla, as well as an enrichment in species belong-
ing to the Turicibacter genus (Figure 2(f-h)).
These results demonstrate the clear impact of
the intestinal microbiota profile induced by
mucosa N-glycosylation alterations (modeled
in Mgat5”" mice), in defining susceptibility to
intestinal inflammation, putting glycans at the
frontiers of host-microbiota interactions.

Impaired B1,6-GIcNAc complex branched
N-glycosylation leads to adownregulation of ILC3-
IL-22 mediated immune response in the gut

Taking into consideration the impact of gut
mucosa N-glycome in shaping microbiota compo-
sition associated with severity to colitis, we then
investigated their mechanistic effect in the regula-
tion of intestinal inflammatory pathways. An
extensive characterization of the different immune
subsets in intestinal mucosa was performed at base-
line (Supplementary Figure S2 and Figure 3) and
after colitis induction (Supplementary Figure S3),
comparing Mgat5" " and Mgat5~'~ mice. No sig-
nificant alterations were observed in the frequency
of total T cells (CD3"), Th17 cells, regulatory
T cells (Treg), B cells or macrophages at baseline
(Supplementary  Figures S2B-F). However,
a remarkable downregulation in type 3 innate lym-
phoid cells (ILC3) was found in Mgat5~'~ mice, at
baseline, in comparison with Mgat5" "' mice
(Figure 3(a)). This significantly decreased expres-
sion of ILC3 was maintained upon disease induc-
tion (Supplementary Figure S3A). Specifically, and
among the sub-populations of ILC3, we observed
that the deficiency in mucosa complex branched
N-glycans appears to selectively impact the down-
regulation of the CCR6 'NCR RORyt" and
CCR6'ILC3 (LTi-like cells) sub-populations at
baseline (Figure 3(b,c)), contrary to NCR"RORyt"
ILC3 (Supplementary Figure S2G). This impact in
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innate immune response was also observed
through the upregulation of dendritic cells in
Mgat5~'~ mice at baseline in comparison with
Mgat5™" (Supplementary Figure S2H).

After disease induction, as expected, alongside
a decrease in ILC3 expression (as well as
CCR6'ILC3 (LTi-like cells) sub-population),
(Supplementary Figures S3A,B), we also observed
an increased Th17 response (Supplementary Figure
S3C), with no alterations found in other immune
sub-populations (Supplementary Figures S3D-G).
Furthermore, a decrease in the production of IL-22
by ILC3 cells in Mgat5~'~ mice (Figures 3(d,e)) was
observed and maintained upon colitis induction
(Supplementary Figures S3H,I). This impact in
IL-22 production in Mgat5~'~ mice were found to
be specific for the ILC3 population since no differ-
ences were observed in IL-22 produced by Th17
cells both at baseline (Supplementary Figures S2L,])
and upon disease induction (Supplementary
Figures S3],K). Additionally, after DSS-induced
colitis, but not at baseline (Suplementary Figures
S2K,L), Mgat5~'~ mice displayed reduced levels of
IL-22  production by ILC3 NCR'RORyt"
(Supplementary Figures S3L,M).

ILCs are highly plastic immune cells, that are able
to adapt their phenotype and function depending on
the environmental cues, such as dietary signals and
microbial counterparts.” The balance between ILC3
and ILC1 immune populations is known to play a key
role in gut homeostasis, whereas disruption of this
balance has been described as contributing to intest-
inal inflammation, such as IBD.”* However, whether
changes in host glycocalyx may affect this ILC3/ILC1
immune balance remain unknown. Our results reveal
the direct interplay between mucosa N-glycosylation
and ILCs activity and function (Figure 3). In addition,
we also showed that Mgat5~'~ mice displayed a clear
trans-differentiation of ILCs population toward an
ILC1 phenotype (Figure 3(f)), as observed by the

analysis (PCoA) of gut microbiota composition generated on Jaccard based on 16S rRNA sequencing. (f) Linear discriminant analysis
(LDA) of the gut microbiota composition based on 16S rRNA sequencing in the fecal samples of single-housed (SH) and co-housed
(CH) Mgat5™ at steady state. (g and h) phyla and genus level gut microbiota composition analysis based on 165 rRNA sequencing in
the fecal samples of single-housed (SH) and co-housed (CH) Mgat5” or Mgat5"'" mice. (B-H) n=5-8 per group. Each datapoint
represents an individual animal. Data is represented as mean * SD. *p < 0.05; **p < 0.01; ****p < 0.0001 using two-way ANOVA or

Wilcoxon rank sum test.
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Figure 3. Deficiency in mucosa 1,6-GIcNAc complex branched N-glycosylation leads to an impaired ILC3-IL-22-mediated immune
response. Frequency of (a) ILC3, (b) CCR6"NCR RoRyt™ ILC3, and (c) CCR6"ILC3 (LTi-like) subsets in CD45" cell population in Mgat5™"
and Mgat5'/' mice, at steady state. (d) Frequency of IL-22—producing ILC3 and (e) mean fluorescence intensity (MFI) of intracellular IL-
22 in ILC3 of Mgat5™™ and Mgat5”" mice at steady state. Frequency of (f) CD127*ILC1, and (g) ex-ILC3/ILC1-like cell subsets in CD45*



increase in ex-ILC3/ILCl-like cells (Figure 3(g) and
Supplementary Figures S2M-P). This is also demon-
strated by the reduced ILC3/ILCI ratio in Mgat5~"'~
mice (Figure 3(h)). A similar profile was also found in
Mgat5”~ mice after DSS-induced  colitis
(Supplementary Figures S3N,O). These results
demonstrate, for the first time, the direct impact of
changes in mucosa N-glycosylation in the regulation
of ILC3 module in the trans-differentiation toward an
ILC1-mediated proinflammatory phenotype. This
result is in line with previous observations reporting
ILC3-to-ILC1 transition in inflamed mucosal biopsies
from CD patients associated with anti-GM-CSF auto-
antibodies against glycosylation.” This proinflamma-
tory environment imposed by the ILC3/ILC1
plasticity, triggered upon alterations in gut mucosa
glycome, was further supported by the increased pro-
duction of TNFa and IL-6 proinflammatory cyto-
kines in colonic explants from Mgat5'~ mice at
baseline (Figure 3(i,j)) and upon colitis induction
(Supplementary Figures S3P,Q), and by the decreased
levels of anti-inflammatory IL-10 cytokine at baseline
(Figure 3(k)). After DSS-induced colitis, no major
differences in terms of IL-10 secretion were observed
comparing Mgat5’~ and Mgat5™"  mice
(Supplementary Figure S3R). In the same line, no
alterations were found to IL-22 production in colonic
explants at baseline and upon colitis induction
(Figure 31 and Supplementary Figure S3S).
Nevertheless, the impaired IL-22 signaling observed
in Mgat5~'~ mice was also supported by the signifi-
cant increased expression of 1122ra2, the gene encod-
ing to IL22 binding protein (IL-22BP) (Figure 3(m)),
a cytosolic protein involved in IL-22 blockade.”**’
IL-22 signaling is known to induce the produc-
tion of nucleotide oligomerization domain-
containing protein 2 (NOD2), which is related to
the regulation of innate immune response and
microbial recognition.”® Furthermore, NOD2 is
one of the most widely implicated genes in the
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etiology of Crohn’s disease.” We here demonstrated
that Mgat5~'~ mice also exhibited a significant
downregulation of Nod2 (Figure 3(n)), reinforcing
the negative impact of the impaired IL-22 signaling
(either by decreased IL-22-derived ILC3 or
increased II122ra2) in the homeostatic gut environ-
ment. In addition, and in line with previous evi-
dence suggesting that IL-22 produced by ILC3
impacts epithelial cell glycosylation by regulating
the expression of fucosyltransferase 2 (Fut2),®® we
also observed that Fut2 expression was decreased in
Mgat5~'~ mice (Figure 3(0)).

Taking together, these results demonstrate the
clear impact of the deficiency in the B1,6-GlcNAc
complex branched N-glycans (associated with dys-
biosis) in the impairment of ILC3-IL-22 immune
response that culminate in Nod2 downregulation,
that together converge in the activation of inflam-
matory cues promoting health to intestinal inflam-
mation transition.

Prophylactic remodeling of mucosa glycosylation
through metabolic supplementation with glycans
controls immune response by repairing

ILC3-IL22 homeostatic immune pathway.

To gain mechanistic insights into the microbial-
derived pathways underlying the protective colitis
phenotype that was observed in CH-Mgat5~'~
mice, an unstratified pathway output of Picrust2
analysis based on 16S rRNA data of SH-Mgat5~'~
and CH-Mgat5~'~ mice was performed (Figure 4
(a)). The results demonstrated that CH—Mgat5_/ -
mice exhibited the clear upregulation of the general
microbial-associated traits involved in glycosyla-
tion biosynthetic pathways, particularly the UDP-
N-acetylglucosamine  biosynthesis  pathway
(Figure 4(a)). In fact, UDP-GIcNAc is the prefer-
ential substrate for the activity of GnT-V that
results in the synthesis of $1,6-GlcNAc complex

cell population in Mgat5"'™ and Mgat5” mice, at steady state. (h) Ratio between the frequencies of ILC3 and CD127*ILC1 in Mgat5™"
and Mgat5”" mice at steady state. (i-l) Cytokine concentrations in supernatants of colonic explants cultured for 24 hours. The
concentrations are normalized to tissue weight. (m-o) The mRNA expression levels at steady state of genes encoding for (m)
[122bp, (n) Nod2 and (o) Fut2 in the colonic tissue measured by RT-qPCR. Expression of target gene mRNA was calculated based on
housekeeping gene (Gapdh). mRNA expression levels were normalized for the average of mRNA levels of Mgat5~'~ mice. (a) n
=7-9 per group. (b, ¢, f, g and h) n=6-11 per group. (d and e) n=6-9 per group. (i-) n=6-8 per group. (m-0) n=13-16 per
group. Each datapoint represents an individual animal. Data is represented as mean + SD. *p < 0.05; **p < 0.01; ****p < 0.0001 using

an unpaired two-tailed Student’s t-test or Mann-Whitney test.
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Figure 4. Prophylactic GIcNAc supplementation modulates immune response of Mgat5~'~ mice rescuing ILC3-IL22- homeostatic axis.
(a) Unstratified pathway output of Picrust2 based on 165 rRNA sequencing of single- and co-housed (SH and CH) Mgat5”" mice. (b)
Schematic representation of 800 mg/Kg/day N-acetylglucosamine (GlcNac) supplementation, ad libitum, of Mgat5~'~ mice for 8 weeks.
(c) Frequency of ILC3 in CD45" population in Mgat5"", Mgat5”", and GlcNAc-supplemented Mgat5” mice. (d) Frequency of IL22-



branched N-glycans.”® The upregulation of this
selected microbial-derived trait involved in UDP-
N-acetylglucosamine biosynthesis pathway upon
mouse co-housing, associated with prevention of
inflammation and control of dysbiosis (Figure 2),
highlights the potential regulatory/protective
involvement of complex branched N-glycans in
host-microbial relationship associated with gut
homeostasis.

To further test this hypothesis, we metaboli-
cally supplemented colitis-susceptible Mgat5~'~
mice with GIcNAc before disease induction
(Figure 4(b)). This was specifically aimed at
testing the prophylactic effect of the glycosyla-
tion remodeling in preventing inflammation.
Notably, we observed that the supplementation
of Mgat5~'~ mice with GIcNAc for 8 weeks was
able to reestablish the levels of ILC3 (Figure 4
(c)) and, importantly, of the homeostatic cyto-
kine IL-22 produced by ILC3, at similar levels of
Mgat5WT (Figures 4(d,e)) at steady state. The
prophylactic supplementation with GlcNAc also
led to the upregulation of CCR6'ILC3 (LTi-like
cells) and CCR6 NCR RORyt'ILC3  sub-
populations (Figure 4(f) and Supplementary
Figure S4A). Notably, GIcNAc supplementation
was also able to significantly reduce the fre-
quency of ILC1 (Figure 4(g)) and ex-ILC3
/ILC1 like (Figure 4(h)), as well as decrease
IFNy produced by these cells in the colon
(Figures 4(i,])). Indeed, GlcNAc supplementa-
tion significantly increased the ILC3/ILCI ratio
in Mgat5~'~ mice at similar levels of Mgat5""
(Figure 4(m)). No differences were found in
ILC3 NCR'RORyt" and  Treg  cells
(Supplementary  Figures S4B and 4C).
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Nevertheless, we observed a decrease in the fre-
quency of Th17 cells after glycan supplementa-
tion, with no impact on its IL-22 production
(Supplementary Figures S4D-F). Accordingly,
the effect of GIcNAc supplementation was
further demonstrated by the reduced levels of
proinflammatory cytokines IL-6 and TNFa in
colonic supernatants, comparing treated versus
non-treated mice, at baseline (Figure 4(n,o)).
No alterations were found for IL-10 and IL-22
production (Figures 4(p,q)). Remarkably, we
showed that GIcNAc treatment was able to
reduce the expression of IL22ra2 compared to
both MgatS_/_ and MgatSWT (Figure 4(r)).
Importantly, the prophylactic effect of glycan
supplementation was also observed in the rescue
of the expression levels of Nod2 and Fut2
(Figures 4(s,t)). GlcNAc supplementation was
also tested in Mgat5"" mice, and no major
alterations were found between Mgat5" " treated
and non-treated with GIcNAc in terms of ILC3
abundance and ILC3-derived IL22 production
(Supplementary  Figure S4G-I); however,
GlcNAc supplementation significantly decreased
IL-22 production in Th17 cells (Supplementary
Figures S4J-L). Additionally, Mgat5"" treated
mice also display a trend decrease in IL-10 levels
in colonic explants (Supplementary Figure S4M)
with no major significant differences observed
for the production of TNFa, IL-6, and IL-22
(Supplementary Figures S4N-P). No changes
were observed in the expression of II22ra,
Nod2 and Fut2 in Mgat5"" of GIcNAc treated
mice (Supplementary Figures S4Q-S).

Overall, these data demonstrate the biological
effect of prophylactically remodeling mucosa

producing ILC3 and (e) mean fluorescence intensity (MFI) of intracellular IL-22 in ILC3, in Mgats™T, MgatS’/', and GlcNAc-supplemented
Mgat5” mice. (f-h) Frequency of (f) CCR6'ILC3 (LTi-like), (g) CD1277ILC1, and (h) ex-ILC3/ILC1-like cells in CD45" cell population in
Mgat5"'", Mgat5”, and GlcNAc-supplemented Mgat5” mice. (i) Frequency of IFNy—producing CD127*ILC1 and (j) mean fluorescence
intensity (MFI) of intracellular IFNy in CD127*ILC1, in Mgat5™", Mgat5”", and GlcNAc-supplemented Mgat5” mice. MFI were normal-
ized for the average of Mgat5~'~ mice MFI. (k) Frequency of IFNy—producing ex-ILC3/ILC1-like cells and (I) mean fluorescence intensity
(MFI) of intracellular IFNy in ex-ILC3/ILC1-like cells, in Mgat5"'", Mgat5”", and GIcNAc-supplemented Mgat5”" mice. MFI were normal-
ized for the average of Mgat5~'~ mice MFI. (m) Ratio between the frequencies of ILC3 and CD127* ILC1 in Mgat5™", Mgat5”", and
GlcNAc-supplemented Mgat5” mice. (n-q) Cytokine concentrations in culture supernatants of colonic explants. The concentrations are
normalized to tissue weight. (r-t) The mRNA expression levels at steady state of genes encoding for (r) [122bp, (s) Nod2 and (t) Fut2 in
the colonic tissue measured by RT-qPCR. Expression of target gene mRNA was calculated based on housekeeping gene (Gapdh). mRNA
expression levels were normalized for the average of mRNA levels of Mgat5~'~ mice. (c-e) n = 8-10 per group. (f-h) n = 9-11 per group.
(i-m) n =8-11 per group (n, q) n=6-11 per group. (r-t) n = 11-17 per group. Each datapoint represents an individual animal. Data is
represented as mean * SD. *p < 0.05; **p < 0.01; ***p < 0.001; using an unpaired two-tailed Student’s t-test or Mann-Whitney test.
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glycosylation as a promising strategy to control
a key homeostatic intestinal module mediated by
ILC3 and IL-22 dynamics.

GIcNAc prophylactic supplementation is able to
prevent severe colitis

Finally, we tested whether the prophylactic effect of
GIlcNAc supplementation is effective in preventing
disease development. Thus, after 8 weeks of glycan
supplementation, colitis was induced by DSS
(Figure 5(a)). Remarkably, prophylactic glycan
supplementation significantly reduced disease sus-
ceptibility and severity in comparison with non-
treated MgatS_/ -~ mice (Figure 5(b)).
Histopathological analysis of colon sections, after
DSS-colitis induction, revealed that treated animals
showed a reduced inflammatory infiltrate when
compared  with  non-supplemented mice
(Figures 5(c,d)). To understand if the decreased
susceptibility of supplemented mice was also due
to a remodeling of the intestinal epithelial barrier,
expression of claudin-encoding genes and intest-
inal permeability were assessed prior colitis induc-
tion. No alterations were found in intestinal
permeability or in claudin-2 expression comparing
non-treated and glycan-treated Mgat5”" mice
(Supplementary Figures S5A,B). Nevertheless,
a tendency to an upregulation of claudin-4 was
observed (Figure 5(e)). GIcNAc supplementation
in Mgat5”" mice did not display major differences
relative to non-treated Mgat5” mice in terms of
microbiota, with only two mice exhibiting a trend
to a divergent microbiota composition, closer to
Mgat5™" mice profile (Supplementary Figure
S5F). This preliminary result suggests the need for
longer periods of GIcNAc supplementation to see
effects in the gut microbiota diversity and richness.
However, and consistent with a protective pheno-
type imposed by supplementation with glycans,
SCFAs levels were markedly increased upon gly-
can-supplemented Mgat5~'~ mice (Figure 5(f)),
which is in accordance with increased levels of
Smctl transporter (Figure 5(g)). No differences
were observed for the Mct1 transporter and recep-
tors (Supplementary Figures S5C-E). Importantly,
upon DSS-induced colitis, Mgat5”" mice treated
with GIcNAc exhibited enhanced ILC3 levels

concomitantly with an increase in IL-22 produc-
tion (Figures 5(h,j)).

Overall, these results pinpoint the immunomo-
dulatory properties of GIcNAc supplementation in
a colitis-susceptible mouse model. This is sup-
ported by the ability of glycans in shaping
a tolerogenic gut immune profile by activating the
protective ILC3-IL-22 module, thereby preventing
health-to-intestinal disease transition.

Impaired mucosa N-glycosylation occurs
concomitantly with decreased frequency of
intestinal ILC3 in human IBD patients

To further validate the specific impact of an altered
intestinal glycome in the regulation of ILC-mediated
gut immunity in IBD immunopathogenesis, we
investigated whether changes in gut mucosa glyco-
sylation may be linked to alterations in ILC3 module
in human IBD. To do so, two publicly available
databases (GSE134809, Martin et al.**; and Hasler
et al.*®) were analyzed. Based on the study of Hisler
et al,*® we found that the expression of MGATS
glycogene, involved in the production of complex
branched N-glycans, appears to be impaired in
inflamed colonic tissue of CD patients when com-
pared to the controls (Figure 6(a)). Complementary,
our analysis based on the study of Martin et al.**
further showed a reduced expression of a set of
glycogenes participating in the branching
N-glycosylation pathway, including MGAT5 glyco-
gene, in epithelial cells from inflamed CD biopsies
(Figure 6(b,c)). Moreover, a downregulation of
MGATS5 glycogene in epithelial stem cells
(Supplementary Figure S6A) was observed in
inflamed CD biopsies when compared with non-
inflamed samples. Interestingly, we also demon-
strated that the expression of the transcription factor
RORC (associated with ILC3) was significantly
downregulated in inflamed CD biopsies (Figure 6
(d); study Hasler et al.*®) and the levels of ILC3 also
seem to be decreased in inflamed CD biopsies
(Supplementary Figure S6B; study Martin et al.**).
This evidence supporting the link between MGAT5
glycogene and ILC3 modulation was further vali-
dated in clinical samples obtained from mucosal
biopsies of CD and UC patients, as well as healthy
individuals (controls) (Supplementary Table S1).
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Figure 5. Glycan supplementation has a protective effect against colitis development and restores the levels of SCFAs. (a) Schematic
representation of 800 mg/Kg/day N-acetylglucosamine (GIcNAc) supplementation of Mgat5~'~ mice for 8 weeks followed by 2% DSS
treatment for 7 days. (b) Disease activity score (DAI) of Mgat5"'", Mgat5”, and GIcNAc-supplemented Mgat5”~ mice upon DSS-induced
colitis. (c and d) Histological analysis of hematoxylin & eosin staining and qualitative scores of intestinal immune infiltration of colon
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Accordingly, the results showed that inflamed biop-
sies from IBD patients displayed a significant
decreased frequency of ILC3 compared to healthy
controls (Figure 6(e)). Concomitantly, the expres-
sion of less complex, mannose-enriched N-glycans
(GNA binding) at the epithelial cells was inversely
correlated with frequency of ILC3, suggesting that
a deficiency in complex branched N-glycosylation
and decreased frequency of gut ILC3 in IBD are
intricately related (Figure 6(f)). Altogether, these
findings support the association between loss of
complex N-glycans (through downregulation of
MGATS5) with impaired levels of ILC3 at intestinal
mucosa, associated with IBD.

Discussion

The loss of equilibrium between microbes and the
intestinal immune system is one of the main dri-
vers of the onset of IBD.*°"* In fact, recent evi-
dence points toward altered host-microbiome
interactions as one of the earliest events in the
pathogenesis of intestinal inflammation.*®

Protein glycosylation has emerged as a possible
link between host microbiome and immune
response. We and others have previously demon-
strated the implications of glycans in gut immunity
and in the immunopathogenesis of IBD,*® even
years before IBD diagnosis.”’ However, whether
and how an altered host glycocalyx contribute to
the loss of immune tolerance, by imposing altera-
tions in microbiota composition (dysbiosis) and
the activation of immune response, is
a fundamental question that remains unanswered.

In this study, we demonstrated that alterations
in host mucosa N-glycans are at the basis of the
crosstalk between the gut microbiome and the host
immune response associated with health to intest-
inal inflammation transition. We revealed that
a deficiency in the expression of complex branched
N-glycans leads to a clear dysbiosis, together with
the perturbation of the gut permeability, that were
associated with colitis severity. This dysbiotic phe-
notype was characterized by a significant reduction
in protective bacteria from Firmicutes phylum,
namely Blautia, Ruminococcaceae NK4A214 group
and Lachnoclostridium genera, concomitantly with
the overgrowth of selective pathobionts, such as
families from the Actinobacteriota, Proteobacteria
and Bacteroidota phyla, considered to be general
glycan  degraders.®>®* In turn, Blautia,
Ruminococcaceae ~ NK4A214  group and
Lachnoclostridium genera are known for producing
SCFAs, mainly propionate and butyrate, playing
a significant role in strengthening the intestinal
barrier, maintaining intestinal homeostasis, and
preventing inflammation.®

The mucosa glycan switch, imposed by
a deficiency in complex branched N-glycans and
the abnormal exposure of less complex/mannose-
enriched glycans alongside dysbiotic microbiota,
was also found to compromise the intestinal bar-
rier, as observed by changes in the expression of
claudins and tight junctions. This impact of
changes in mucosa glycome in gut permeability is
in line with previous evidence revealing that
increased intestinal permeability may predict later
development of CD.*

sections from Mgat5"", Mgat5”", and GIcNAc-supplemented Mgat5”" mice upon DSS-induced colitis. There is no statistical significance
between Mgat5” and GlcNAc-supplemented Mgat5~" mice. Zoomed images highlight immune infiltrate. Scale bar = 50 pm. (e) The
mMRNA expression levels at steady state of Cldn4 in Mgat5"", Mgat5”", and GIcNAc-supplemented Mgat5”" mice at steady state.
Expression of target gene mRRNA was calculated based on housekeeping gene (Gapdh). mRNA expression levels were normalized for
the average of mRNA levels of Mgat5”" mice. (f) Quantification of SCFAs measured by ELISA in the colon of Mgat5"", Mgat5”", and
GlcNAc-supplemented Mgat5” mice at steady state. (g) The mRNA expression levels at steady state of SCFAs transporter Smct1 in
Mgat5™T, Mgat5”", and GlcNAc-supplemented Mgat5”" mice at steady state. Expression of target gene mRNA was calculated based on
housekeeping gene (Gapdh). mRNA expression levels were normalized for the average of mRNA levels of Mgat5”" mice. (h) Frequency
of ILC3 in CD45" population in Mgat5™", Mgat5”", and GlcNAc-supplemented Mgat5” mice upon DSS-induced colitis. (i) Frequency of
IL22-producing ILC3 and (j) mean fluorescence intensity (MFI) of intracellular IL-22 in ILC3, in Mgat5"", Mgat5”", and GIcNAc-
supplemented Mgat5'/' mice upon DSS-induced colitis. (b) n=5 per group. (d) n=3-4 per group. (e) n=11-14 per group; (f) n=
7-9 per group. (g) n = 11-12 per group. (h-j)) n = 4-7 per group. Each datapoint represents an individual animal. Data is represented as
mean =+ SD. *p < 0.05; **p < 0.01; using an unpaired two-tailed Student’s t-test or Mann-Whitney test.
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Figure 6. Impaired N-glycan-related glycogene expression in IBD patients associates with reduced frequency of intestinal mucosal
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We further demonstrated that changes in
mucosa glycosylation not only led to dysbiosis,
but directly perturb a key homeostatic module in
the intestine mediated by ILC3 immune response.
In fact, ILC3 are known to be a central player in
orchestrating tissue and gut immune homeostasis
at steady state.’” ILC3 control the immune
response against pathogens and opportunistic
commensals,”>*®""" representing the main source
of protective IL-22 in the intestine.”' Diet and
commensal microbiota-derived signals are
described to regulate ILC3 recruitment and func-
tion in the intestine.”'””> Here we showed, for the
first time, that a deficiency in complex branched
N-glycans at gut mucosa results in a significant
decrease of ILC3 and ILC3-producing IL-22 reveal-
ing mucosa glycans as a new source of ILCs reg-
ulators. This downregulation of ILC3, imposed by
the deficiency in complex branched N-glycans,
further promoted its plasticity toward an ILCI
phenotype. Specifically, we showed that the defi-
ciency in mucosa complex branched N-glycans in
Mgat5~'~ mice induced the downregulation of
CCR6'ILC3 (LTi-like ILC3) and
CCR6 NCR RORyt" cell subsets. LTi-like ILC3
were described to contribute towards gut home-
ostasis, tight junction expression and IL-22
production,”*”® being the prevailing ILC3 subset
in colonic lamina propria of healthy mice.””””®
CCR6 " NCRILC3 can transform into
CCR6 NCR'ILC3 through the upregulation of
T-bet and Notch.”” Our results suggest that the
development of these ILC3 precursors may be
impaired through changes in mucosa glycosylation
associated with altered microbiota and respective
signals. Furthermore, this effect of the mucosa gly-
can switch in the perturbation of ILC3 module is

also in line with the impact observed in Nod2
expression and in Fut2-mediated glycosylation.
NOD2 is an intracellular pattern recognition recep-
tor present in most intestinal immune and epithe-
lial cells, and is known to recognize glycans, such as
bacterial peptidoglycans, being involved in IBD
immunopathogenesis.”” Accordingly, we also
observed that the downregulation of IL-22-
producing ILC3 imposed by glycan alterations
was associated with decreased expression of Fut2-
mediated fucosylation and with susceptibility to
inflammation, despite we found only a slight
decrease in UEA-I binding. This is in accordance
with previous evidence suggesting that IL-22 pro-
duced by ILC3 can act as a modulator of intestinal
epithelial fucosylation by Fut2 expression asso-
ciated with homeostasis.*’

Overall, we demonstrated that deficiency in
complex branched N-glycans at gut mucosa sur-
face imposes a clear pro-inflammatory microen-
vironment, driven by ILC3/ILC1 module with
a concomitant overexpression of other proin-
flammatory cytokines, such as TNFa and IL-6
and the downregulation of the anti-
inflammatory cytokine IL-10. This further sup-
ports the biological relevance of glycans and of
mucosal MGAT5 downregulation in the overall
reprograming of the pro-inflammatory environ-
ment in the intestine.**' Indeed, pro-
inflammatory cytokines, such as TNFa, are
recognized to both increase the permeability of
the intestinal epithelial barrier and to impair the
expression of SCFA transporters and receptors,
resulting in the disruption of essential host-
commensal mutualistic pathways.**"®* This goes
in line with the impact of a deficient complex
branched N-glycosylation in TNFa production.

Paneth (DEFA5, DEFA6, REG3A), cycling transit-amplifying (MKI67, TOP2A, PCNA), goblet cells (CLCA1, SPDEF, FCGBP, ZG16, MUC2),
BEST4 enterocytes (BEST4, OTOP2, CA7), enterocytes (RBP2, ANPEP, FABP2) and colonocytes (CA2, SLC26A2, FABPT), enteroendocrine
cells (EEC; CHGA, CHGB, NEURODY1), tuft cells (POU2F3, LRMP, TRPM5). (c) Gene signature of a set of GIcNAc transferases participating in
the branching N-glycosylation pathway (MGAT5, MGAT5B, MGAT4D, MGAT4C, MGAT4B, MGAT4A, MGAT3, MGATT) on epithelial cells. (d)
The gene expression of RORC in the inflamed colonic tissue from CD patients and healthy controls. (e) Frequency of ILC3 (CD3 RORyt™)
in CD45" population in inflamed and non-inflamed mucosal tissue from IBD patients and healthy controls. (f) The coefficient
correlation between frequency of ILC3 and GNA expression in inflamed mucosal tissue from IBD patients (red dots) and healthy
controls (blue dots). (a and d) n = 9-12 per group. Data were derived from dataset published by Hasler et al.* (e) n =3-4 per group.
Data are represented as mean + SD *p < 0.05; using a one-way ANOVA test. (f) n =3 per group; Pearson correlation test.
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Figure 7. Changes in mucosa branched N-glycosylation impacts gut microbial balance, leading to an intestinal inflammatory response.
In a healthy gut glycocalyx, epithelial branched N-glycans sustain commensal gut microbiota composition, contributing to the
integrity of the epithelial barrier. ILC3 subsets, including LTi-like ILC3 and CCR6"NCR™ILC3, promote gut homeostasis through IL-22
release. Short-chain fatty acids (SCFAs) produced by commensal microbiota regulate mucosal homeostasis through activation of
Gpr43/Gp109a signaling pathways or entering cells through Mct1 and Smct1 transport. Intestinal epithelial fucosylation (via Fut2
expression) and microbiota recognition (through Nod2 expression) also support the symbiotic relationship between microbes and the
intestinal immune system in homeostasis. During health to intestinal inflammation transition, there is an altered host glycome profile,
characterized by a deficiency in the mucosa expression of complex branched N-glycans and exposure of mannose-enriched glycans,
perturbing mucosal integrity. This imbalanced glycoenvironment leads to a dysbiotic gut microbiota and deficient SCFAs release.
Signaling and transport of SCFAs is also impaired. Concomitantly, this mucosa glycan switch hampers a protective immune response,
through decreased frequency of ILC3 subsets, reduction in homeostatic cytokines (IL-22 and IL-10) and downregulation of Nod2 and
Fut2 expression in the intestinal mucosa. An ILC3-ILC1 plasticity occurs imposed by the mucosa glycosylation alteration, leading to
a pathogenic ILC1 proinflammatory phenotype, with increased TNFa and IL-6 production and expression of inhibitory IL-22 binding
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Importantly from the clinical point of view, the
association between an altered mucosal glycosyla-
tion and ILC3 module was validated in human IBD
clinical samples, revealing that impaired complex
branched N-glycosylation in gut epithelial cells
associates with deficient intestinal ILC3, which
could reinforce the clinical impact of host mucosa
glycome and ILC3 immune response associated
with IBD. Nevertheless, further studies are
required to validate this association in a clinical
setting.

Taken together, we have here disclosed, at
a mechanistic level, the biological effects of
changing the intestinal N-glycome composition
in triggering gut permeability and dysbiosis, the
downregulation of protective ILC3/IL22 axis
associated with decreased Nod2 expression, as
well as the activation of immune pathways that
culminate in intestinal inflammation.

Intestinal commensal-derived signals from
the microbiota are pivotal in maintaining gut
homeostasis through the regulation of the dif-
ferentiation and proliferation of both intestinal
epithelial and immune cells.*>, Among the ILC
population, ILC3s have been found to be tightly
regulated by commensal microbial signals,
while ILC1s are highly promoted under proin-
flammatory environments.**, ILC3 can be
directly regulated by SCFAs produced by
microbiota, promoting ILC3 proliferation and
IL-22 production.”” In accordance, ILC3 was
found to express SCFAs receptors, such as
Gpr109a and Gpr43,”>®> highlighting the rele-
vance of microbiota-derived SCFA in modulat-
ing ILC3 immune response. In this study, we
bring to light the importance of mucosa glyco-
sylation in this triangle mediated by host gly-
come-microbiota and ILC3 module with impact
in gut homeostasis and inflammation. We
demonstrated that a deficiency in complex

branched N-glycans alter the gut microbiota
equilibrium, leading to dysbiosis and conse-
quently to a reduction in SCFAs production

with impact in ILC3-mediated immune
response and the onset of intestinal
inflammation.

The identification of a specific immunological
axis controlled by mucosa N-glycans pave the way
for exploring whether the prophylactic supplemen-
tation with glycans may enhance the biosynthesis of
“tolerogenic” complex N-glycans and, in this way,
prevent the health to intestinal inflammation transi-
tion. Remarkably, the prophylactic supplementation
of glycoengineered colitis-susceptible mice with
GIcNAc suppressed disease severity, by significantly
ameliorating clinical symptoms. This clinical effect
of GlcNAc supplementation was due to the restora-
tion of the expression of the homeostatic ILC3-IL
-22 module, with increased ILC3 frequency and
blockade of ILC3-to-ILC1 transition. Moreover,
the protective effect of GIcNAc supplementation
was also highlighted by restoring protective levels
of SCFAs and increased Nod2 expression. This pro-
phylactic effect of glycans supplementation in remo-
deling gut milieu associated with immunotolerance
and gut homeostasis is promising, deserving further
exploitation in pre-clinical and clinical settings.

Altogether, our findings unlock the potential
beneficial effects of targeting mucosa glycocalyx
as a promising strategy to preserve a healthy
crosstalk between microbiome and gut immu-
nity and to prevent IBD development
(Figure 7). Accordingly, the evidence suggest-
ing the clinical and biological impact of gly-
come alterations in the preclinical phase of
CD?"® brings to light the prominent impact
of glycans and mucosa glycosylation as
a putative trigger of health to intestinal inflam-
mation transition with promising clinical appli-
cations for IBD prediction and prevention.

protein, which has the ability to block IL-22. The frequency of dendritic cells (DCs) is also increased upon deficiency in Mgat5-
mediated branched N-glycans. Taken together, this results in a pro-inflammatory environment in the gut and a consequent shift from
health to inflammation. Prophylactic supplementation with GIcNAc, a key metabolite in the hexosamine biosynthetic pathway,
restores the expression of the protective ILC3-IL-22 module, suppressing health to intestinal inflammation transition. This ultimately
highlights the beneficial impact of mucosa glycosylation remodeling through nutritional intervention in order to promote intestinal

homeostasis.



Overall, this study unveils a new mechanism in
gut immunity tightly regulated by host mucosa
N-glycans as master shapers of microbiome com-
position and ILC3/ILC1 immune regulation. The
remodeling of mucosa glycome through glycan
supplementation showed clear prophylactic effects
in preserving gut homeostasis by promoting the
activation of ILC3-IL-22 protective module. These
results emphasize the impact of mucosa glycans in
the crosstalk between gut microbiota and immune
regulation, revealing the potential use of glycans on
precision nutrition approaches and therapeutic
interventions for preventing health to intestinal
inflammation transition and for IBD prevention.
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