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Introduction co " proteins. However, the :available pathway resources often differ
widely in"scope ‘and content, which severely hampers a unified
analysis and interpretation ‘of high-throughput biological data
using ‘diverse  pathway repositories [1-3]. In the “absence of
reasonable compatlbxhty, a unified representation of gene function
by leveraging the biological information stored in various pathway
repositories- remains a non-trivial task.

Integration of pathway repositories offers significantly attractive
benefits in terms of more extensive and robust functional
annotatmns, which. in turn will contnbutc to a better understand-
ing of gene function and regulation in complex biological systems.
Furthermore, it also lends itself to providing a more concise and
relatively discrete representation of enriched blologl themes in
combined GSFE studies (Figure 1). In recognition of these eheﬁts,
several efforts have been initiated ‘to. gather and integrate
biological data, including pathway information from various
biological -databases:  The DAVID gene functional classification
tool employs a heuristic approach-to grouping genes into modules
based on similarities in the biological annotations [4]. IPAD
defines inter-associations: between -pathways, disease; drugs and

There has been an exponenual mcrease in the amount and
complexity of biological data. Extractlng meaningful blologlcal‘
insights from this vast array of data via functional analysis of the
large resultant gene sets and to prioritise genes and'gene sets for -
further experimental characterisation is a formidable challenge.
Gene-set-functional-enrichment (GSFE) relies on a statistical
analysis of the relative abundance of biological themes associated
with a given gene set and identifies themes (and associated genes)
that are overrepresented and therefore, likely to be more relevant
to the biological conditions under study. -~ ;

It is mcreasmgly evident that gene and protems do not functlon
alone, but rather as a’ part ‘of ‘complex ‘pathways where. they"
interact with various biomolecules (such as proteins, nucleic acids
and metabolites). Therefore, ‘an  accurate representation of
biological pathway information is -essential” to understand the
biological relevance of genes and proteins within specific biological
contexts. An ever growing number of pathway databases, thereby,
constitute an increasingly important component of any_ computa-
tional framework for the functional annotation of genes and
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organ ‘specificity based on'the overlapping gene associations [5].
IntPath examines overlaps between genes, gene pairs and pathway
names to integrate pathways within and across various databases
[6]. PathwayAPI attempts to standardise the representation of
genes and gene-gene relationships across pathways and merges.
them to infer more fortified pathway representations {1]. Pathway
Distiller employs a holistic approach where pathways are
consolidated into clusters either based on shared genes, gene
_ontology associations and. protein-protein interactions. (PPIs) or
based on. their associations (enriched and/or. non-enriched). with
 gene sets-under study [7] Most Qf these lools, however,

‘ prlma.rﬂy for target p mormsatlon Whﬂe our: method for pathway

 integration is simple’ and straightforward, the main- novelty lies in- -

its tight integration into: the TargetMine data warehouse system*
[8].'We chose to:combine: data from three pathway repositories,
KEGG [9]; Reactome [10] and NCI-Nature curated PID [11].

These thre ¢
pathway reposnorles and ' they employ - different ‘approaches to

curating and -compiling - pathway information. For instance,. the
KEGG pathway repository consists of curated reference pathway -

maps, which are then mapped to genes within different organisms
based on-orthologous associations. Reactome compiles expert-curated

Traditional method

NCI-PID

Reactome

, Enrichment'analysis‘

among the largest and most-widely used curated -

Integrated Pathway Clusters in Gene Prioritisation

molecular reactions associated with different biological processes,
which are assembled into a -biomolecular. network to form
pathways. NCI PID compiles expert-réviewed molecular interac-
tion data from NCI-Nature curated data, BioCarta and Reactome
into biomolecular pathways. )

We will first show how the various pathways can be clusters
based on shared gene content, on the premise that significant
overlaps in gene content between the pathways should reflect
overall functional congruity between them. This notion will be
confirmed by the biological relevance of the integrated pathway
clusters ~usi'ng semantic similarities' between Gene Ontology (GO)

~biological 'process terms [12] (hereafter referred to-as GO’ terms)

annotated 'to- the. genes: within:each: pathway. We' will further

- demonstrate. the: usefulness - of pathway clustering” based on

comparative’ GSFE-analysis on. diverse gene sets associated with
pathogenesis; inflammatory responses:and human: diseases, gath-

-ered. from- the literature. ‘A dedicated user interface connects the
‘pathway clusters: and gene mappings to TargetMme for target
o pnormsamon and early- stage drug dlSCOVCl’Y [8].

'Results and Dlscussmn

* By integrating pathway data from KEGG Reactome and NCI,

we created Integrated Pathway Clusters (IPCis) for three organ-

isms, Homa . sapiens - (human), . Mus - museulus (mouse) and - Rattus
norvegicus (rat) (Figures 1 and 2; Tables S1A, B and C). The human
1PCs, consisting of a total of 1748 pathways associated with 8624

Too many and possibly redundant biological themes

_. Notch signaling pathway (MAMLL,MAML2,NOTCH1,NOTCH2....)
Notch signaling pathway (MAML1,MAML2,NOTCHI,NOTCH2...)
‘Notch-mediated HES/HEY network (MAML1,MAML2,NOTCH1,RBPJ...)
Notch-HLH transcription pathway (MAMLL,MAML2,NOTCH1,NOTCH2...)
Signaling by NOTCH (MAMLL,MAML2,NOTCH1,NOTCH2...) '
NICD traffics to nucleus (MAMLL,MAML2,NOTCH1,NOTCH2...)
Circadian rhythm — mammal (ARNTL,CLOCK,NPAS2,NR1D1...)
Circadian rhythm pathway (ARNTL,CLOCK,NPAS2,NR1D1...) -
Circadian Clock (ARNTL,CLOCK,NPAS2,NR1D1...)
Circadian Repression of Expression by REV-ERBA (ARNTL,CLOCK,NPAS2, NR101 )
TGF-beta signaling pathway (SMAD2,SMAD3,SMAD4,SMAD?7...)
- BMP receptor signaling (SMAD4,SMAD7,SMURF1,SMURF2...)
‘TGF-beta receptor signaling (SMAD2,SMAD3,SMAD4,5SMAD?7...)
TGF-beta receptor signaling activates SMADs (SMAD2,SMAD3,SMAD4,SMAD7...)
Signaling by TGF-beta Receptor Complex (SMAD2,SMAD3,SMAD4,SMAD?...)
~ Signaling by BMP (SMAD4,SMAD7,SMURF1,SMURF2...)

New method

Enrichment analysis

A smaller and distinct list of biological themes

with informative labels
Signaling by NOTCH (MAMLl;MAMLZ,NOTCHl,NOTCHZ...)
Circadian Clock (ARNTL,CLOCK,NPAS2,NR1D1...)

TGF-beta signaling pathway|

- Signaling by TGF-beta Receptor Complex
(SMAD2,SMADA4,SMAD7,SMURF1...)

Figure 1. Benefits of ‘using an integrated pathway repository for GSFE analys:s.

doi:10. 1371/Joumal pone.0099030.g001
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“Exclude “Broadly defined” pathways

Pathway gene seti " Pathway gehe 'set i
Pairwise pathway
comparison

Pathway gene sets )
overlap matrix

Clustering and
 partitioning of the
constructed
dendrogram

“Integrated -
o pathway clusters

Figure 2. Overcoming the- challenges encountered in integrating diverse pathway data. A) Pathway data are “compiled in varied
repositories, which differ appreciably in scope and. content and B) there exists significant redundancy within: pathway definitions among different
databases. C) An outline of our approach to integrating pathway data from KEGG, Reactome and NCI-PID databases.

doi:10.137 1/journal.pone.0099030.g002

genes, included 6224 genes mapped to 253 pathways. wnhm
KEGG, 6085 genes mapped to 1272 pathways within Reactome
and 2573 genes mapped to 223 pathways within NCI PID
(Table 1). Below we discuss our observations on the 1nteg'rat10n of
pathway data, their funcuonal coherence and apphcatlons to the
analysis of sample gene. sets. Unless specified, all observations
below correspond to the human pathway data.

Pathways within and Across Pa’thway;,Databases Share a
Large Number of Genes in Commeon

Gene products may participate in multiple biological processes
and pathways. Different pathway databases employ different
approaches to compiling pathway mformatlon, and therefore - may
significantly differ. in content; however, there remain some
redundancies in pathway definitions within and across different
databases. Therefore, we first examined gene overlaps between the
pathways ' within_each pathway database .and across .the three
pathway databases. The: ‘gene overlap mdex (OI;) for a pair of
pathways was determined. by the ratio of the number of genes

common to both the pathways to the: number ofg genes within the .

smaller of the two pathways (see Methods).

PLOS ONE | www.plosone.org

A total of 242 pathways within KEGG, 202 pathways within
NCI PID and 68 pathways within Reactome were examined for
gene overlaps with each other in this manner (excluding pathways
that were true subsets of one or more pathways) These included"
both intra-database (i.e., estimating gene -overlaps between two
pathways within a single database such .as. KEGG) and inter-
database (i.e.,- estimating gene. overlaps between two pathways
from_different - databases) pathway comparisons. Amongst . the
intra-database pathway comparisons, we observed that 25 KEGG
pathway pairs comprising 35 unique pathways (35 of 242; 14.4%)
were remarkably similar (with Of;; >0.8, ie., the two pathways
having 80% of their genes in common). L:kewme seven pathway

-pairs comprlsmg eight unique pathways (8 of 202; 4%) and seven
- ‘pathway pairs comprising 11 unique, pathways (11 of 68; 16. 1%)
“with OI;; >0.8 were observed for NCI PID and Reactome

databases, respectively (Table 2; Table $2). Amongst the inter-
database pathway comparisons, for OI, j.~0.8, we observed 29

,:KEGG “Reactome pathway pairs’ compnsmg 21 umque 'KEGG

and'19 unique Reactome pathways: 12 KEGG-NCI-PID pathway

- pairs comprising 12 unique KEGG. .and seven: umque N ,I-PID
" pathways: and nine Reactome-NCI-PID pathway pairs comprising

June 2014 | Volume 9 | Issue 6 | €99030



Table 1. The number of human genes and pathways from
different databases; which were consolidated into clusters of
related pathways

KEGG

Reactome NCIPID

4 6085

Genes

doi:10.1371/journal. pone.0099030.4001

nine unique NCI-PID and six unique Reactome pathways (Table 2;
Table 52).

The pathway comparisons hlghhghted significant  overlaps
between apparently similar pathways within and across pathway
databases. For instance; KEGG pathway - hsa00970 “Aminoacyl-
tRNA - biosynthesis” shared a significant nuniber of genes with
Reactome ‘pathway REACT_15482 “tRNA  Aminoacylation”
(with Of;; = 0.881); likewise, Reactome pathway REACT_75790
“Cytokine Signaling in. Immune system” shared a significant
number of genes with NCI PID pathway il5_pathway “IL5-
mediated signaling events” (with OI;; =0.8571), among other
examples.. The above comparisons, however; also uncovered
remarkable similarities between seemningly unrelated pathways; for
instance, KEGG  pathways hsa00190 “Oxidative phosphoryla—
tion” and hsa04966 ““Collecting diict acid-secretion” were found
to have-a significant number: of genes in common (with
Ol;;=0.8519), suggesting that our approach towards pathway
comparisons may provide insights-into" the possible cross-talks
between varied biological processes (Table 52).

These observations suggest considerable: overlaps among genes
that were mapped to ‘certain- biological processes: and pathway
deﬁmuons within and across the three pathway. repositories. These
overlaps in information offer a useful means of consolidating large
amounts of heterogencous pathway data into a more manageable
number of comphmentary, broad-based and yet coherent biolog-

“ical themes, which is likely. to. contribute to a more streamlined -

functional analysis of genes and gené sets.

Hierarchical Clustering of Pathways Based on Gene
Overlap Indices

The gene overlap indices for all pairs of pathways were collated
into a matrix, resulting in rows of overlap profiles. Based on these
profiles, the pathways were then clustered to produce a
déndrogram (Methods and Figure 3A).

Splicing the "dendrogram at incrementally relaxed pairwise
distance cutoffs generated a series of clustérs; using cutoffs of 0.6,
0.65 “and 0.7 yielded 105 *(multi-member) clusters and = 20
singletons, 84 clusters and 14 singletons ‘and 67 clusters and 10
singletons, respectively.

After a visual inspection of'the size distribution and the total
number of multi-member clusters and’singletons, we judged a

" pathway) sub-types.

Integrated Pathway Clusters in Gene Prioritisation

cutoff of 0.7 to be optimal (likely to produce funcmonally congruent
clusters. while keeping the total number of-clusters managmblc)

~(Figure 3A). The pathway clusters thus generated varied in size

from two pathways in clusters such as no18, 1024 and no26 to 187
pathways -in cluster noOl (Table S1A). The resulting: clusters
(hereafter referred to-as IPCis) were further evaluated using-a series
of qualitative and quantitative measures to assess their functional
congruency and biological relevance.

Pathways. within a Cluster Share a Higher Fraction of
Genes than Those from Different Clusters

To mvesmgate whether the gene overlap-based distance metric
resulted in well separable clusters, we assessed the overall OF}; of
pathways within and.across the IPCs and compared the results
with those from randomly generated pathway clusters.

The average intra-cluster OI;; (0.175) was much higher than
the average inter-cluster Ol ; (0.022). The former value was
significantly higher than the corresponding value from the ran-
domised -dendrograms (0:045%0,003) with a p-value of <0.01, as
this- value was - greater - than the maximum (0.053) from 100
simulation. runs (see- Methods). ‘

The above observations suggest that our approach groups
together pathways, which have a*high fraction of genes in common
and are therefore likely to'be functionally related.

Manual Inspection Revealed Selected Pathway Clusters
Consisting of Functionally Related Pathways

A manual inspection of the pathway names within selected IPCis
suggested -that functionally similar-pathways were grouped into
clusters ‘using our approach. For instance, cluster no27 “Metab-

-olism of lipids and hpoprotems ‘included eight pathways (seven

KEGG pathways and one Reactome pathway), all of which were
associated: with lipid metabolism (Figure 3B). Likewise, cluster
nol5 “Glycolysis/Gluconeogenesis’| Lysine degradation | Valine,
leucine and-isoleucine degradation” included 10 pathways, most of
which were associated with amino acid metabolism (Figure 3C).

- ~These observations suggest that pathway clusters generated by our

approach ‘are likely to include’ functionally rélated pathways and
thereby likely to be biologically meaningful.

Validation of the Functional and Biological Relevance of
the Constructed Pathway. Clusters

We further performed a series of quantitative assessments to
examine whether the IPCs consisted of functionally related
pathways and were biologically coherent and suitable for gene
set analysis and target prioritisation. Below, we individually

. describe our observations on these evaluations.

Benchmarking pathway clusters against reference (KEGG
1 We employed purity and edit distance
measures [13] to assess how well the KEGG pathways belonging
to a particular reference sub-type (defined as the functional
“categories’” and “sub-categories” defined in the KEGG pathway

Table 2. Pathway pairs within (intra;databa%) and across.(intra-database) pathway datasé(s, with Of;; >0.8.

Inter-database

Intraedatabase

‘Pathway pairs

doi:10.1371/journal.pone.0099030.t002
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(alpha-Linoleic acid metabolism)
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(Ether lipid metabolism)

hsa04975
(Fat digestion and absorption)

hsa04975 )
(Linoleic acid metabolism)

hsa04975 :
(Glycerophospholipid metabolism)

hsa04975
(Arachidonic-acid metabolism)

REACT_22258

~ (Metabolism of lipids and
lipoproteins)
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Figure 3. Hierarchical clusters of functionally related pathways based on gene overlap profiles. A) Dendrogram generated by using a
matrix of gene overlap indices forall pairwise pathway comparisons. Specific pathway clusters no27 (red) and no15 (blue).are highlighted. B) Cluster
no27 “Metabolism of lipids and lipoproteins” included eight pathways, all associated with lipid metabolism. C) Cluster no15. “Glycolysis/
Gluconeogenesis | Lysine degradation| Valine, leucine and isoleucine degradation” consisted of ten pathways, most of which were associated with

amino acid metabolism.
doi:10.1371/journal.pone.0099030.g003

database) were clustered together in non-singleton IPCs (see
Methods for more details).

The purity scores for the IPCs when compared with the KEGG
pathway categories and sub-categories were 0.48 and 0.22,
respectively; these values were significantly higher than the
average of the purity scores computed for randomised dendrograms
(0.09 and 0.01, respectively) (Table 3) and were even higher than
the maximum values (0.31 and 0.09, respectively) from 100
simulation runs; yielding a p-value of <0.01.

Likewise, the collective edit distance scores for all the IPCs were
93 and 137, respectively, which were much lower than the average
of the collective edit distance scores computed for randomised
dendrograms (158 and 249, respectively) (Table 3) and were even
lower than the minimum values (133 and 233, respectively) from
100 simulation runs; yielding a p-value of <0.01.

The above observations suggest that TPCs described above
_correspond more closely to the reference sub-types as defined in
the KEGG pathway database than randomised clusters and are
thus, likely to represent biologically meaningful themes for
functional annotation.

GO term semantic similarity-based evaluation of
pathway clusters. Gene ontology (GO) annotations are one
of the most useful and widely used means to estimate functional
similarity between gene products. Semantic similarity is an
approach to estimating the similarity or likeness between two
terms of a given ontology (such:as-GO) [14]. In this study, the
sernantic similarity measure by Pesquita et-al. [15] was extended to
assess the functional similarity between a. pair of (non-identical)
pathways within an IPC or those found:in different IPCs, thereby
estimating the functional coberence of IPCs.

We first performed all-against-all pairwise pathway comparisons
based on the GO term semantic similarities (GOSS) between their
constituent genes (see Methods) and then we examined the overall
functional similarity scores (%5) within-and across IPCs (intra- and
inter-cluster 7S, respectively).

The median FS within an IPC was significantly higher than the

" median FS across IPCs (0.47 and 0.32, respectively; p = 2.2x 107 16..

by the two-sided Mann-Whitney-Wilcoxon test, W= 114426.5)
(Figure 4), thereby suggesting that the pathways within a cluster
were functionally more closely related than the pathways in
different clusters, We further compared FS observed within and

across IPCs with those observed within randomised dendrograms.
The median IS within an 1PC was :muéh,fhigller~ than the average
of median FS within a pathway cluster. in the randomised
dendrograms (0.47 and 0.33, respectively). Furthermore, the
average IS within and across ‘the clusters, 0.32 and 0.34,
respectively, were statistically indistinguishable within randomised
dendrograms. :

Taken together, our observations suggested that IPCs were
comprised of pathways, which shared an overall higher functional
similarity with each other than with: pathways from different
clusters. Therefore, the pathway clusters were biologically
meaningful and likely to represent coherent biological themes.

Gene set functional enrichment analysis. To assess the
effectiveness of the IPCs in target prioritisation, we performed
GSFE analysis on different sets of genes, which-were known to be
associated with hepatitis C virus (HCV) pathogenesis [16,17], lung
tumourigenesis in mice [18] and non:immune human discases
[19]. Below, we discuss the three case studies involving GFSE
analysis using IPCs.

Case study I: Hepatitis C virus (HCV) pathogenesis. We
examined four gene sets associated. with HCV pathogenesis for
enriched IPC associations. These ‘included three gene sets
comprising PPI networks constructed from differentially abundant
proteins in transgenic mouse models of HCV pathogenesis
(CoreTGvsWT, PA28Y™" " CoreTGvsWT and- PA28y™" " Cor-
eTGvsCoreTG, respectively; see'[16] for details) and a fourth
gene set -(NSSHA infection network), which comprises genes
associated with the cellular networks involved in interactions
between HCV NS5A protein and human host factors [17].
Functional analysis of the Core TGvsWT; PA28'Y_,~COreTGvsWT
and PA28y™/~ Core TGvsCore TG gene sets highlighted enriched
associations with 28, 28 and 29, TPCs respectively. These figures
were much lower than the number of individually enriched
KEGG (91, 99 and 98) Reactome (416, 372 and 433) and NCI
PID (134, 120 and 113) pathways associated with the above gene
sets (Table S3A). Y

Among specific examples, the-IPC no64 “SNARE interactions
in vesicular transport” was highly enrichied in.all of the first three
gene sets (p=0.01, p=6.25x107° and p=2.86x 107, respective-
ly) (Table S3A). In our previous analysis [16], after inspecting a

“much larger number of enriched pathways (as shown above),

Table 3. Purity and Edit distance scores for the IPCs (PD'=0.7) when benchmarked against the KEGG pathWay sub-types either at
the top level (Main class) or the second level (Sub class) were much higher than those of the randomised dendrograms,

PD Purity

0.75 0.48

Edit distance: '

0.24 88 134

doi:10.1371/journal.pone.0099030.t003

“PLOS ONE | www.plosone.org

Purity and edit distance scores at different PD cutoffs (0.6, 0.65 and 0.75) are included for comparison.
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0.3
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0.1 T

Intra-cluSter .

Inter-cluster '

Figure 4. Functional similarity (F5) scores within a pathway cluster (Intra-cluster) were much higher than scores across pathway

clusters (Inter-cluster).
doi:10.1371/journal.pone.0099030.g004

including those with relatively weak p-values, we demonstrated
experimentally the involvement of vesicular transport proteins in

HCV lifecycle. This finding would have been achieved more easxly -

with the IPC analysis.
The NS5A infection network was associated with 25 enriched
" IPCs; this figure was much lower than the number of individually
enriched KEGG (98), Reactome (488) and NCI PID (119)
pathways associated with the NS5A’ infection network. The
enriched IPCs included no23 “Endocytosis .| Tight Junction”

(p=6.84x107'8) (Table S3A). Cluster 1023 includes genes and *

pathways associated with cell adhesion and communication and
cellular transport, some components of which had been strongly’
implicated in facilitating HCV lifecycle and. tumourigenesis in

- HGV-induced-hepatocellular: carcinoma (HCC) [17): In general; -

the enriched IPCs included all the b1olog1cal themes that we had
identified previously from a much larger list of relevant pathways
and subsequently validated experimentally

In some enriched IPCs, genes in the original gene set were
mapped to two or ‘more pathways, which were not enriched
individually. For mstancc, ‘within the PA28y™/~Core TGvsCor-
- eTG network, two- autophagy associated factors GABARAPLI
and GABARAPL2 were mapped to enriched IPCs no0l1
“Cytokine Signaling in Immune system | Cytokme ~cytokine
receptor interaction | Herpes sxmplex infection | Tuberculosis”
and no012 “GPCR ligand bmdmg | Neuronal System} Neuro-
active hgand receptor  interaction” (p=261x10 and
p=2.18x1078, respectively). These two genes would not have

been. identified by the standard pathway: analysis, because they
‘04140 “Regulatxon of

were mapped to two KEGG pathways )
autophagy” and hsa04727 “GABAergic synapse”, which were
components of no0l1 and no012, respectively and neither of
which showed significant association with the original gene set
(¢=0.7395 and p=0.0867, respectively) (Table S3B). Recent
studies have implicated autophagy‘ réspo'nse to HCV-induced
endoplasmic reticulum stress in impairing Type I interferon

production in HCV infection [20]. Therefore the ‘analysis using

PLOS ONE | www.plosone.org

functional ‘analysis of genes involved in the functi

-downreg- was: -associated -with" an ennchgd'
‘mmu021 “Rheumatoid arthiritis” (p=0.019

IPCs was able to identify a novel biological theme not identifiable
by previous methods.

Case study II: Lung tnmourlgenesxs We also et

tion factor Stat3 in carcinogen-induced lung tumourigenesis in
mice [18]. Two gene sets examined (Stat3-upreg and Stat3-
downreg, respectively) corresponded-to PPI networks constructed

from differentially expressed genes in Stat3 knockout mice. The

Stat3—upreg and - Stat3-downreg gene sets were associated with
seven and’ six enriched IPCs, respectwely Among specific -
examples, Stat3- -upreg was mapped to enriched pathway cluster
mmu045 “TGF-beta signalling pathway” (p =0. 0()3) and~/Stat3~

thermore, within the Stat3-upreg gene set, complement activation-
associated factor Cfh was mapped to enriched IPC no005
“Hemostasis /| Disease’ | Adaptive Immurie System | Pathways
in cancer | HTLV-I infection | MAPK signaling pathway”
(p=4.73x10"7). The above association would not have been
identified by the standard pathway analysis, because .Cth was
mapped to three Reactome pathways REACT 86987 “Innate
Immune System”, ‘REACT_ -

kcascade -and REACT. 103920«

were components of no005 but mleldually, none of the three
pathways showed significant association with the original gene set
(p=10.3206, £=0.3430 and p= 0.6079, respectively) (Table S4B).
Our observations. appear to be consistent with previous studies,
Whlch have shown that the human orthologue of mouse Cth is
These results demonstrate the relative ease of identifying ennched
biological processes previously shown to play critical roles in Stat3-
dependent carcinogen-induced lung tumourigenesis [18] and the
ability of our approach to identify a novel biological theme not
identifiable by previous methods.

Case study III: Non-i h n di 5. An IPC
representing a ‘general biclogical theme of the 1mmune system
(nol; Adaptive Immune System | Hemostasis | Developmental
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Biology | Pathways in cancer | Innate Immune System) was
enriched in all of the gene sets above. To confirm that this result
was not an artefact of the clustering method, we performed a
functional analysis of gene sets associated with non-immune
human diseases, Atherosclerosis, Hypercholesterolemia and Pan-
creatitis. Our enrichment analysis revealed an enrichment of five
IPCs for each of the three gene sets, respectively. These figures
were much lower than the number of individual enriched KEGG
(31, 18 and 48) Reactome (51, 23 and 43) and NCI PID (9, 1 and
13) pathways associated with the above gene sets (Table S5).

Amongst the most significant associations, IPC no027 “Metab-
olism of lipids and lipoproteins” was associated with the
Hypercholesterolemia gene set (6= 1.13x1072") (Table $5), which
is consistent with the perturbations in lipid metabolism in' this
disease [23]; enriched IPC no010 “Dilated cardiomyopathy” |
ECM-receptor interaction | Integrin cell surface interactions” and
n0027 “Metabolism of lipids and lipoproteins” were associated
with the Atherosclerosis gene set (h=6.96x1077 and p=0.008,
respectively) (Table $5), which is consistent with the pathology of
the cardiovascular disease [24]; IPC no014 “Biological oxidations
| Metabolism of xenobiotics by cytochrome P450” and no040
“Glutathione metabolism” were -associated with the Pancreatitis
gene set (p=7.66x 10" % and p=1.58x107", respectively), which is
consistent with the xenobiotic stress and glutathione depletion
associated with chronic pancreatitis [25].

Integrated Pathway Clusters in Gene Prioritisation

The above examples suggest that our IPCs were able to provide
a relatively quick, manageable and meaningful approximation of
biological themes associated with diverse gene sets.

Data Visualisation and Accessibility

A web interface, tightly connected to TargetMine, was
developed for visualising the IPCs ‘and performing GSFE
(http:/ /targetmine.nibio.go,jp/pathclust/). It allows a user to
upload a list of candidate genes (such as a list of differentially
expressed genes, or a sct of genes whose protein products interact
with a given protein) to- TargetMine and create a gene list. The
user can then retrieve enriched IPCs and examine their pathway

and-gene content. Further analysis of these genes and pathways

may be performed using TargetMine with its query builder or pre-
defined templates.

Each IPC is visualised as a network graph, with the nodes
representing the pathways and the edges representing gene
overlaps between them. The size of each pathway node reflects
the number of genes within that pathway and the thickness of the
edges connecting individual pathways reflect the extent of gene
overlaps between the connected pathway nodes. A mouse over
function allows the user to highlight individual pathways within a
cluster; the gene content of cach pathway may also be displayed
with mouse clicks (Figure 5).
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Figure 5. The online user interface allows. the users to query and vnsuallse integrated pathway clusters and perform GSFE analysls

with the supplied list of genes.
doi:10.137 1/journal.pone.0099030.g005
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Comparison with Related Resources

The availability of the IPCs within a data warehouse
environment makes our approach dlﬂ”erent from ‘most- other
integrated pathway repositories such as IntPath [6], kIPAD [51.
PathwayAPI [1] and Pathway Distiller [7], as well as more general
gene function annotation tools:such as DAVID [4]. None of these
tools provide seamless links with biological data types, other than
the integrated biological themes available within these repositories.
In contrast, our data model for the IPCs enables the users to link
up these functional associations with diverse blologxcal data types
stored in TargetMine, such as disedse phenotypes, protein
structural domains and drug—target associations.

Some of these integrated pathway. repositories employ more
complex approaches than ours and/or include additional pathway
and biological datatypes to infer integrated pathway clusters. Our
method is simple and fast and IPCs.can be updated automatmally
It can also be extended toa larger number of pathway databases
or even to other biological data types such as GO annotations.

Among the existing integrated repositories, the Human Pathway
‘Database (HPD) is the closest to our approach in that it integrates
pathway data from KEGG, Reactome, NCI PID and BioCarta
based on gene/protein overlaps and provides a standalone web
interface to query large gene sets for human pathways within a
data warehouse [26].: Its data -warehouse framework.is a less
comprehensive system than TargetMine and HPD only considers
the extent of gene/protein overlap between pathways to estimate
pathway similarity, whereas our approach considers not only gene
overlaps but also the similarity of the gene overlap profiles.

hiPathDB adopts a full integration approach where individual
pathways are consolidated into-a unified derivative superpathway
based on shared components. This method provides a holistic and
a concise view of biological processes including cross talks between
different signalling ‘pathways; ‘but ‘it ‘also ‘results in-a loss of
information at the molecular level [27]. Our IPCs are designed to
complement -the existing: functional - annotations rand: our -data
model allows ‘the -users to:revisit the underlymg gene-pathway
associations-in their original form.

Other differences between our TPCs'and the:clusters (groups of
functionally related: genes) defined ‘in"the popular DAVID gene
functional classification tool include ‘1) automatically assigned
informative names for the IPCs (in contrast to the DAVID clusters
with' no representative names), and 2) visualisation of IPCs as
network graphs to allow. the users to-examine connections and
relationships between constituent pathways.

Conclusions

We describe our approach to mtcgratmg pathway mformanon
from public repositories based on shared gene content into
functionally coherent pathway clusters. The resultant IPCs
provided a convenient way to identify broad functional categories
relevant to the blologlcal phenomenon under study and thereby
enabled swift candidate gene prioritisation. Since our ‘approach
relies only on gene overlap between pathways its inherent
flexibility ensures that data from additional pathway rep051t0rles
(and even non—pathway gene sets) can be readily accommodated to
expand the content and coverage of the IPCs.

We assessed the quality of the IPCs using multiple independent
measures, including the agreement with the reference ‘sub-types
defined in the KEGG database and intra- and inter-cluster
semantic similarity ‘scores: With the help of these measures, we
_established that “the TPCs were functionally coherent and
biologically meaningful. We further demonstrated the ease of

‘PLOS ONE | www.plosone.org
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employing the IPCs to analyse large gene sets extracted from the
literature. E

Our fully automated approach has been mtegrated into the
TargetMine data warehouse and enhanced its ability to investigate
complex biological systems for better target discovery. It has also
enabled seamless updates of the IPCs synchronised - with
TargetMine updates, which are scheduled every month in general.

‘Materials and Methods

Pathway Data

An overview of our approach to overcoming the chaﬂenges
encountered in integrating” diverse pathway data is shown in
Figure 2. In the present analysis, pathway. associations for the
genes within the human, mouse and rat genomes were extracted
from KEGG (retrieved on 16/06/2012), Reactome (release date
26/06/2012) and - NCI-Nature curated Pathway - interaction
database. (retrieved on05704/2012) repositories. The non-IEA
(Inferred from Electronic Annotation). GO annotations for the
corresponding genes above were retrieved using the TargetMine
data - warehouse [8]. Some - pathways are broadly -defined and
include many genes (for -example, ‘KEGG'pﬁhWay “Metabolic
pathways”). Since these pathways are  uninformative for-gene
prioritisation :purposes, we set an arbitrary cut-off of 700 and
excluded eight such® pathways - with -more -than this number: of
genes from thefSubsequent analysis. .

Estimating Agreements Across’ Pathways Based on Gene
Composition

Next, we examined the agreement between different pathways
within and ‘across pathway repositories based on the overlaps of
their gene composition. For each pathway P; in the dataset (where
i=1,...,Nand Vis the total number of pathways), let G; be the set
of genes in the pathway For a pair of pathways, P;and PJ, Ol
was defined as

7.~ 1GNG)|
Y min (G}, Gyl)

where G;[]G; is the set of genes shared by G,' and Gj and |...

the number ‘of genes in the set [28]. An OI, j of 1 indicates that
eithér the two pathways are identical in size and gene composition
or that one pathway is a true subset of the other, To simplify the
computation, pathways that were true subsets of larger pathways
(“fully contained pathways”) were excluded from the subscqucnt
pairwise comparisons (but they were remtroduced into the final
clustering results, as will be descrlbed later) L1kew1se, an OI; jof 0
indicates that the two pathways. have no genes in common.

Pathway Clustering Based on Gene Overlap Indices

The collective gene overlap indices for each pathway were then
collated to generate corresponding gene overlap: profiles. We
defined each row o; of the matrix OI}; as the gene overlap profile
of . pathway P;. The Pearson correlation coefficient R was -
calculated for each pair of gene overlap profiles (0; and 0;) and
transformed into pairwise distances PD.as PD=1—R. With this
distance metric, average-linkage clustering was performed -using
the hclust function of the R statistical package (www.r-project.org).
The. dendrogram was. partitioned at incremental -PD cutoffs and
the resulting clusters of related pathways were manually examined
to select the most suitable cutoff (see. Results).

Once the pathway clusters were established, the iully contained
pathways were reintroduced into the clusters that included their
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“parent” pathways. (If a fully contained pathway had more than
one parent and these parent pathways belonged to different
“clusters, the fully contained pathway was assigned to all these
clusters.).

Pathway Cluster Naming
To provide the pathway clusters with informative labels, we
examined the gene composition of each pathway cluster and
identified the pathways that collectively contributed =50% of the
genes within a cluster. Their entry names in the original database
were then assigned to the corresponding cluster. (In case of two or
~more pathways contributing =50% genes within a cluster, their
entry names were concatenated to assign cluster names.),

Assessing the Functional Homogeneity within the
Pathway Clusters Based on-KEGG:Pathway Sub-types

:We adapted- the: purity and edit distance measures as defined by
Brown et al. {13] to assess the-efficacy of the pathway clustering
~approach. These  scores were used  to-.assess the consistency
- between our pathway clusters and reference sub-types of pathways

~as - defined in KEGG; "KEGG  classifies its pathways into
“categories” (at the-top level such as Metabolism, Cellular
Processes and Human Disecases) and ‘“‘sub-categories” (at the
second level 'such as Energy metabolism, Cell growth and death
and Immune system), Only KEGG pathways within:a cluster were
evaluated in this manner. Clusters containing only one pathway
(singletons) were excluded from: the following analysis.

In this study, purity was defined as the fraction of the constructed
pathway clusters that consisted entirely .of KEGG pathways
belonging to a single reference . sub-type. (“category” or “sub-

 category”). and were therefore, “functionally homogenous”. Here,
purity reflects the efficacy of our approach in resolving the pathway
clusters into. functional - categories corresponding to KEGG
pathway sub-types; a purity score of 1 indicates that all KEGG
pathways within each pathway cluster were mapped to a single

KEGG sub-type, whereas a purity score of 0 indicates that none of

the pathway clusters were functionally homogenous.

Likewise, in this study, edit distance was computed as the minimal
number of split and/or merge operations, which were required to
transform individual pathway clusters into a KEGG pathway sub-

' type For instance;. if the pathways corresponding to the KEGG
'sub—type “Immune system” are distributed across two clusters,
each containing other KEGG pathways, two split and one merge
operations: would be sufficient to transform. the two clusters into a

single cluster containing all pathways within the KEGG “Immune
system” sub-type. The edit distance for this process would be 3.

To assess the statistical 51gmﬁcance of these measures, 100
randomised dendrograms ~were generated by shuffling the
pathways across the clusters in a manner such that the number
of pathway clusters and the number of pathways within a given
cluster were preserved. The randomised  dendrograms were used
to create 100'random sets of pathway clusters.

‘We defined  the p-value of the significance of these two
observations (purity and edit: distance) using the fraction of the purity
and edit distance scores amongst the randomised conditions that was
greater than the- actual® purify and edit distance score of the
constructed pathway clusters.

' FunctiOnaI Similarities of Pathways and Pathway Clusters
- We extended the GOSS [14] defined between a pair of genes to
those between a pair of pathways and used this measure to assess
' the functional similarities within a pathway cluster (intra-cluster
coherence) or between pathway clusters (inter-cluster separation).

"“PLOS ONE | www.plosone.org
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First, the algorithm of Wang et al. [29] was employed via an in-
house Scala/Java implementation to estimate the GOSS between
a pair of genes. This method takes into account both the properties
of the annotated GO terms including their parent and child terms
and the types of relationships between them (such as “is_a” and
“part_of”, which are assigned semantic contribution weights of 0.8
and 0.6, respectively).

Next, we defined functional similarity (IS) between a pair of
pathways, P; and P;, as fellows. /2§ may be naturally defined by
calculating all possible pairwise GOSS values between genes in G;
and G;. However, such a measure would simply reflect the amount
of overlap between G; and Gj, which was already taken into
account in our clustering algorithm. Since we wished to assess the
quality of our pathway clusters’ based on non-trivial functional
similarities between the constituent pathways, we needed to
remove contributions from the overlapping genes.

To achieve this goal, in considering a pair G; and Gj, let
G'i=G;—Gj, e, a set of genes in G; but not in’ G;. Similarly, let
G'j=G;—G;. By adopting a best-match average approach
analogous to that of Pesquita ef al. [15], the best match functional
similarity score S(g1) for each gy in G'; was defined as

S(gl)z max gg(GOSS(gl :gz))ugZEGjl'

where the maximum was taken. over all.g; in G’;. The GOSS for a
pair of genes, GOSS(g1,82), was defined by [15] as

Ave, (max,,; SS(1,,4)) + Ave; (max, SS(1),1,))

GOSS(g.8,)= >

where SS(11,1,) is the- GO semantic similarity between two terms
ty and £, Ave, means taking the average over all the terms £; that
were assigned to gene g; and the maximum was taken overall the
terms: £y that: were- assigned to- gene gz. In other words, this
measure represents the average. similarity between each term
assigned to g;-and its most similar term among those assigned to
g2, averaged with its reciprocal to obtain a symmetric score.

Finally, by using S(g) above, the functional similarity for a
pathway'pair, FS(P;,P;), was defined as:.

Aveg, (S(\g1 )+ Aveg, (S(g,)) e

FS(P,,PJ)Z 2 s g 58 2

2,6G;

where Ave, means taking the average over all g, in G';..

FS(P;,P;) was computed for all pathway pairs within a cluster
(intra-cluster) and for all pathway- palrs across different clusters
(inter-cluster).

To assess the statistical significance of the intra- and inter-cluster
FS" scores, 100 randomised dendrograms were generated (as
described in the previous section) and used as controls. The intra-
and inter-cluster FS(P;,P;) was computed for each randomised
dendrogram and these collective scores were then compared with

* the intra- and inter-cluster FS(P;,P;) of the constructed pathway

10

clusters.

Functional Enrichment Analysis of Gene Sets using
Pathway Clusters

" Functional enrichment analysis was performed on human and
mouse gene sets extracted from the literature. These included gene
sets associated with HCV pathogenesis [16], lung tumourigenesis
in mice [18] and non-immune disease-related gene sets [19]. The

June 2014 | Volume 9 | Issue 6 | 99030



o

above gene sets were mapped to-the IPCs and the enrichment of
specific - functional categories. was. -estimated by performing
Fischer’s exact test. The-inferred p-values were further adjusted
for multiple test correction to control the false discovery rate using
the Benjamini and. Hochberg procedure [30,31] ‘and the

annotations/ pathways were considered significant if the adjusted

$=0.05.

Visualisation and Web Interface
The visual representation of the -pathway clusters was 1mple-

mented with JavaScript libraries: including jQuery and Cytoscape

Web.

Supporting Information

Table S1 Ihtegratéd pafhway i:lustets A) Human. B) Mouse. C)
Rat. ‘

XLSX) . .

Table §2 Pathway pairs which share 01;; =0.8.

(XLSX)

Table 83 A) Enriched IPL associations for the HCV pathogenh

esis-associated datasets. B) Enmched IPCs assomated with genes
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Innate lymphoid cells regulate
intestinal epithelial cell glycosylation

Yoshiyuki Goto, Takashi Obata, Jun Kunisawa, Shintaro Sato, Ivaylo I. Ivanov,
Aayam Lamichhane, Natsumi Takeyama, Mariko Kamioka, Mitsuo Sakamoto,
Takahiro Matsuki, Hiromi Setoyama, Akemi Imaoka, Satoshi Uematsu, Shizuo Akira,
Steven E. Domino, Paulina Kulig, Burkhard Becher, Jean-Christophe Renauld,
Chihiro Sasakawa, Yoshinori Umesaki, Yoshimi Benno, Hiroshi Kiyono*

INTRODUCTION: The combination of food
intake and the resident gut microbiota ex-
poses the gastrointestinal (GI) tract to-nu-
merous antigens. Intestinal epithelial cells

.(ECs) compose a physical barrier separating .

the internal organs from the gut microbiota
and other pathogenic microorganisms en-
tering the GI tract. Although anatomically
contained, the gut microbiota is essential

for developing appropriate host immunity.

Thus, ‘the mucosal immune system must
simultaneously maintain homeostasis with

the gut. microbiota and protect against

infection by pathogens. Maintenance of
the gut microbiota requires epithelial cell-
surface- glycosylation, with fucose residues

in particular. Epithelial‘fucosylation is me- -

diated by the enzyme fucosyltransferase 2
(Fut2). .Polymorphisms in the FUT2 gene
are associated with the onset of multiple
infectious® and: inflammatory- diseases and
metabolic syndrome in humans.

RATIONALE: Despite- its  importance, the " |

mechanisms underlying epithelial fucosyl-

ation in.the. GI tract.is.not.well understood. -
In particular; although commensals such-as-

Bacteroides thetaiotaomicron induce epithe-
lial fucosylation, how mucosal immune cells

- participate-in‘this process is unknown. We
.used a combination of bacteriological, gno-

tobiological, and immunological techniques
to elucidate the cellular and molecular basis

of epithelial fucosylation
_ by mucosal immune
Read the full article gells In mice, e§pec1a11y
innate lymphoid cells

at http:/dx.doi
.org/10.1126/ (ILCs). To explore the
science.1254009 role of ILCs in the in-

duction and mainte-

- nance of epithelial fucosylation, we used

genetically engineered mice lacking genes
associated with the development and func-
tion of ILCs. To investigate the physiological
functions of ILC-induced epithelial fucosyl-

- ation, we used a Fut2-deficient mouse model

of S. typhimurium infection.

RESULTS: The induction and maintenance
of -Fut2 ‘expression and subsequent. epithe-
lial fucosylation in the GI tract required
‘type 3 ILCs (ILC3s) that express the tran-
scription- factor RORyt and the cytokines
interleukin-22 (IL-22) and lymphotoxin (LT).

Commensal-bacteria, including segmented
filamentous bacteria (SFB), induced fucosyl-
ation of intestinal columnar ECs and goblet
cells:; Expression of IL-22 by ILC3 required
commensal bacteria, whereas LT was ex-
pressed in a commensal-independent man-
ner. Ablation of IL-22 or LT in ILC3 resulted
in a marked reduction in epithelial fucosyl-
ation, demonstrating that both cytokines are
critical for the induction- and regulation of
epithelial ‘fucosylation. Fucosylation of ECs
in response to the intestinal pathogen S.
typhimurium was also mediated by ILC3.
Compared with control:mice; Fut2-deficient
mice were more susceptible to pathogenic
inflammation as a result of S. typhimurium
infection, suggesting that epithelial fucosyl-
ation contributes to host defense against S.
typhimurium infection.

CONCLUSION: We demonstrate the critical
role of the cytokines 1L-22- and/or LT-pro-
ducing ILC3 in the induction and regulation
of intestinal epithelial fucosylation. We also
show that ILC3-mediated epithelial fucosyl-
ation protects the host from invasion of S.
typhimurium into the intestine. Our results

_provide important details of the glycosyl-

ation system and homeostatic responses
created by the trilateral ' ILC3-EC-com-
mensal axis in the intestine. Modulation of
mucosal immune cell-mediated  epithelial
glycosylation may provide novel targets for
the. treatment or prevention of infectious
diseases in humans. ®
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ILC3s regulate epithelial glycosylation. Commensal bactéria, including segmented filamentous bacteria (SFB), induce IL-22 production by
ILC3. LT is produced by ILC3 in a commensal bacteria—independent manner. ILC3-derived IL-22 and LT cooperatively induce the production of
Fut2 and subsequent epithelial fucosylation, which protects the host against Salmonella typhimurium infection.
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Fucosylation of intestinal ep:thehal cells, ‘”:catalyzed by fucosyltransferase 2 (Fut2), isa

major glycosylat:on mechanism of host-

these bacteria. However, the oleculat

ricrobiota symb105|
epithelial fucosylation, and e ,thehal fucpse is used asa

Commensal bacteria mduce
lietary carbohydrate by many of
“that regulate the

mductlon of epsthehal fucosylatlon a e unknown Here, we show that type 3innate

thelial Fut2 expresslon ‘and fucosy!atlon in’ k

mice. This induction requlred the cytokines interleukin-22 and Iymphotoxm in a commensal
bacteria-dependent and ~independent manner, respectively. Disruption of intestinal
fucosylatlon led to increased susceptlblllty to infection by Salmonella typhimurium. Our
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icroenvironment through the. regulatlon of

- outside the mucosal surface. Intestinal epithelial
cells (ECs) are the first line ‘of defense against-

foreign a,ntigens; including those from commen-

“sal and,;pathogenic bacteria. ECs play key roles

in initiating and maintaining an immunologi-

|- cally appropriate and balanced énvironment in
reaction to constant foreign:stimulation:(Z). Resi- -

dent commensal bacteria support the develop-
ment of this functional mucosal immune system,
and in turn, mucosal immune cells control the
homeostasis of the gut microbiota and protect
against pathogenic bacterial infection through
intestinal ECs. In particular, type 3 innate lym-

‘| phoid cells (ILC3) produce interleukin-22 (IL-22),

which' not only regulates the homeostasis of the
commensal microbiota but also protects against
Citrobacter rodentium infection, presumably by
inducing EC-derived antimicrobial molecules such
as Regllly (2-5).

Fucosylated carbohydrate moieties expressed

~-on intestinal ECs are involved in the creation of
an environmental mche for commensal bacteria

in mice and humans (6-10). Fucosylated glycans
are generated by the addition of an 1-fucose resi

via an o1-2 linkage to the terminal p-b-galactose -

residues of glycan in a process catalyzed by fucosyl-
transferase. Two fucosyltransferases, Futl and
Fut2, mediate intestinal epithelial fucosylation,
and each enzyme acts on a distinct subset of epi-
thehal cells. Fatl regulates fueosylahon of Peyex’s

‘patch (PP) M cells, whereas Fut2 is a key enzyme
regulating mtestmal columnar eplthehal fucosyla— )
tion and the producuon of secremry fuoosylated B

ABO(H) hlsto—blood group antigens an. Defective
Fut2 has been shown to result in suscepnblllty

12 SEPTEMBER 2014 « VOL 345 ISSUE 6202

<-minal:dleum; (part'4),-in

to Candida albicans infection in mice 2. In
aﬂdmon, mactlva’ang polymorphlsms of FUT2
are associated with: metabolic ahnormahtles and
mfectlous and mﬂammatory dlseases in humans
(13—19)

i The 1mportance of eplthehal fucose has been
explored through stud]es of host~m1cmbe inter-
actions. Signals. ﬁ'om commensal bacteria are
requn'ed for. eplthehal fucosylano, (6‘)( Specific
commensals, in particular. Bacter , have been
shown to induce eplthehal ﬁicosylatlon and are
-able to catabolize fucose for energy or incor-
porate it ‘mto bactenaly ellular components—
capsu‘kr polysa,cchandes~tha.t g1ve mlcrobes

ﬁ]coéylatldn rema.m largely unknown

Microbiota induces epithelial 'fUcosylatidn

Epithelial fucosylation, a major glycosylation
process, occurs in the small intestine (10, ID).
To assess the inductive mechanism of intestinal
epithelial fucosylation, we first investigated the
localization of fucosylated ECs (F-ECs) along the
length of the small intestine, divided equally into
four parts from the duodenum (part 1) to the ter-

frequency of F-ECs, detected with the a(1,2)-fucose~
recognizing lectin Ulex europaeus agglutinin-1
(UEA-1), was low in the duodenum and jejunum
(part 1 and a-portion of part 2; <15% F-ECs) and
gradually -increased toward, the ileum (part 4
40 t0 90% F- ECs) (Flg C). Consistent with
epithelial ﬁmosylanon, al Fut2 expression

“was also higher in the ﬂeum (Fig. 1D). Because

greater numbers of microorganisms are present
in the distal ileum than in the duodenum(22),
it may be possible that high numbers of ileal
F-ECs are induced and maintained through
microbial stimulation. To test this hypothesis,
we examined the fucosylation status of ileal
ECs (part 4) in mice treated with a mixture of
antibiotics (AB), as well as in germ-free (GF)
mice. The number of F-ECs was dramatically
reduced in AB-treated and GF mice (Fig. 2A and
fig. S1A). Furthermore, expression of epithelial
Fut2 was also reduced in AB-treated mice (Fig.
2B). Epithelial fucosylatlon ‘was restored after
cessation of AB treatment and in conventional-
ized GF mice (Fig. 2A and fig. ‘S1A). In' addition,
fucosylation of goblet cells, but not Paneth cells,
waslosthl}ueatedandGanoe(Fig 20), in-
dicating that commensal bacteria induce fuco-

__sylation of columnar epithelial cells and goblet

cells, but not Paneth cells..

It has been shown that eplthehal fucosylanon
can.be mduced by the mouse and human com- ‘
mensal Bacteroides tlwtawtwomzmm (6). How-
ever, on the basis of bactenal 16S ribosomal RNA
(rRNA) gene clone hbrary ‘data obtained from

11254009-1
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isolated ileal mucus samples from naive mice (Fig.
2D), we did not detect B. thetaiotaomicron in our
“colony, suggesting’ that other commensals can
induce epithelial fucosylation. To identify which
indigenous bacteria are responsible for the in-
duction of F-ECs, we analyzed mucus-associated
bactenal populatlons residing in the mouse duo-
““denum (part 1) and ileum (part 4). In contrast
“to the predominance of Laciobacillus in the duo-
denum, segmented filamentous bacteria (SFB)
i predommated in the ﬂeum (Fig. 2D); this is
“consistent with previous studies (23, 24). SFB'are
Gram- -positive bacteria that preferentlally colo-
nize the epithelial surface of the terminal leum,
where they induce T helper 17 (Ty17) cells (25, 26).
- Similar to their effect on Ty17 cell-inducing mi-
“crobiota (27), vancomycin, ampicillin, and to
some extent metronidazole—but 1ot neomycin—
extinguished eplthehal fucosylation (fig. S1, B
and C). Furthermore; consistent with the emer-
gence of SFB, eplthehal fucosylation'is initiated
after weaning (6, 28). To investigate whether SFB
“havethe potential to induce F-ECs, we exammed
mono-associated gnotobiotic mice and found
- that F-ECs were induced in SFB but not in Lacto-

Small intestine

) decreased in T cell- or B cell~ deficient mice (fig.

bacillus murinus mono-associated mice (Fig. 2E).
Together, these results suggest that epithelial
fucosylation in the terminal ileum is induced by
commensal bacteria, including SFB, under phys-
iological conditions.

ILC3 are required for
epithelial fucosylation-

We next-investigated the cellular and molec-
ular mechanisms of F-EC induction. Commensal
bacteria, including SFB, induce the prolifera-
tion of intraepithelial lymphocytes and immu-.
noglobulin A (IgA)-producing cells and the
development of Ty17 cells; they-also. modulate
the function of ILCs (3, 4, 25-27, 29). To assess
whether epithelial fucosylation is induced di-
rectly by commensal bacteria or is mediated by
mucosal immune cells, we first analyzed the epi-
thelial fucose status of T cell-, B cell-, and Rag-
deficient mice. The number of F-ECs was not

S2), indicating that T cells and B cells are dls—,
pensable for the 1nducuon of eplthehal fucosyl-
ation. Although SFB induce Tyl7 cells (25, 26),

Tyl7 cells are not required for epithelial fucosyl-

ation because I1-6, a critical cytokine for Ty17
cell differentiation in the intestine (30), was also
not necessary for the induction of F-ECs (fig. S3,
A to C). We next-analyzed RAR-related orphan
receptor-yt (RORyt)-deficient mice, which lack

. the JLC3 subset, in addition to Tul7 cells (30, 31).

RORyt~deﬁc1ent mice exhibited a marked de-
crease in the number of F-ECs, accompamed by
a decrease in. Fut2. expression in ileal: ECs (Fig.

“:8; A to D). These findings suggest that IL.C3 are

critical inducers of F-ECs. This was further sup-
ported by.our observation of few F-ECs-in.the
ileum of Id2-deficient mice; which do not develop

- any of the ILC subsets (Fig. 3, E to Q) (31, 32).
_.Although both RORyt- -and - Id2-deficient mice

lack PPs (33, 34), PPs.are not necessary. for epi-
thehal fucosylation because PP-null mice, gener-
ated by treatment with monoclonal antibody

__(mAb) to IL-7R during fetal growth, had normal
. levels of F- ECs (fig. 84). ILC3 in the small -in-

testine are abermntly expandedy in Rag,-deﬁment

_mice (35), and elevated numbers of F-ECs were

observed in these mice (I‘xg 3, H and I), support-

ing the notion that F- ECs -are mduced by ILC3.

Because IDC3 €express tugher levels of CDYO, they

part1 ‘Part2

B Part 1 Part 4 C % % D
5.07 68.21 100 T 8 * %
IS 8 5
10 .. 8 ‘B
2 B 2109
2 < o0 Pl o~ g
105 8 G TTEgR T s £
: W ] ga c o
' u 40 205
' ke
‘ 20 s
T 10™ A i STy .00‘ = : .
10 T T A o - P9equu® : [ Y N N S
Part 1 Part4 Part1 Part 4

Fig. 1. F-ECs are dominant in the ileum. (A) Mouse small intestines were di-
vided equally into 4 parts (parts 1, 2, 3, and 4), from the proximal (duodenum)
to the distal (ileum) ends (left), and whole-mount tissues were stained with -
UEA-L (red) and WGA (green) to detect F- ECs (UEA- 1+ WGA+ cells) (right).
Scale bars, 100 pm. Data are representatlve of three lndependent experi-
ments; (B and C) Flow cytometric analysis of intestinal ECs isolated from
part 1 and part 4 of the small intestines of C578L/6 (B6) mice. Representative
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dot-plots are shown in (B). Percentages and mean numbers (horizontal
bars) of fucosylated epithelial cells (n = 11 mice per group) are shown (C).
SSC, side sc‘a'tt,e'r.‘ Data of two independent experiments are combined. (D)
-Expression of Fut2 in ECs. isolated from part 1 and part 4 of the small.in-
testine isolated from five to six mice pergroup: Errorbars indicate SD. **P <
0.01 by using Student's t test. Data are representative of two independent
experiments.
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can be depleted with a mAb to CD90 (36, 37). To
ldentlfy whether IIC3 mduce F-ECs, ‘we.treated
wﬂdtype and Rag—deﬁment mice w1th a mAb to
CDY0. Fut2 expressxon and the number of F- ECs
were markedly decreased after depletlon of

ILCs in both wild-type and Rag-deficient mice
(Flg 3, JtoM, and fig.. S5, A and B). Substan-

“tial numbers of SFB were still observed in
'RORyt:, Id2-, and CD90* ILC -depleted mice

(fig. 86, A and B). Therefore, the defective epi-

thelial fucosylation in.these models was not
attributable to the absence of E- EC- mducmg
commensals. Oollectlvely, these results md\cate

- that CD90 ILC3 are requ1red for. the induction

and maintenance of F-ECs.

Lactobacillales B c
B8 staphylococcus o
B Jeotgalicoccus £ others
"Streptococcus ‘

Fig. 2. Commensal bacterna mduce eplthehal fucosylatlon under homeo-
static conditions. (A) Whole- mount ileal tissues of AB-treated mice and
conventionalized AB- treated mice were stained with UEA-1 (red) and WGA
(green) (n = 3 mice per group) Sca!e bars 100 um. Data are representatlve
of two mdependent expenments (B) Fut2 expression in ECs isolated from
part 1 (duodenum) and:-part 4 (ileum) of the small intestines of wild-type
(WT) and AB- treated mice (n =3 mice per group) Error bars-indicate SD.
*P < 0.05 by using Students t test. Data are representative of two indepen-
dent experiments. (C) Tissues from part 1'and part 4 of the small intestines of
WT, AB-treated, and GF mice were stained with UEA- (red), WGA (green),

SCIENCE sciencemag.org

onv (1 wi B

relative expression

and 4’ 6-diamidino- 2 phenyhndole (DAPI) (blue) Arrows show Paneth cells
(top) and goblet cells (bottom). Scale. bars, 50 um. Data are representa’uve of
two independent experiments. (D). Bacterial popu!atlons »solated from the
mucus fraction of part 1 and part 4 of mouse small intestine were analyzed by
means of 16S rRNA gene clone library. Representatlve graphs were constructed
from samples (part 1, n = 480 clones;, Part 4, n = 477 clones) 1solated from five
dn‘ferent mice (95 or 96 samp!es were obtamed from each mouse) (E)-lleal
tissues of GF, SFB, or L. murinus mono-associated mice (n = 3 mice per group)
were stained with UEA-1 (red) and WGA (green). Scale bars, 100 um. Data are

‘representative of two independent experiments.
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“IL-22 produced by ILC3 mediates

"‘ epithellal fucosylation -

“'We next’ mvestlgated ‘how ILC3 induce epithe-
“lial fucosylanon 1LC3 cells secrete IL«22 whlch

Ro rett
73.70

{
|
|
!
!

Rorc**

stimulates the antimicrobial function and main- .
tenance of intestinal ECs (3, 4, 36, 38). Indeed,
" the expression of 1122 gene was much higher in
ILC3 than in any other intestinal immune cell

subset (fig. S7A). We therefore assessed whether
commensal bacteria regulate 1L.C3 differentiation
and cytokine expression. Although AB-treated or wild-
type mice had smﬂar numbers of CD3~ RORyt"

Rag -

H Rag *-

ntl-CD9

Fig. 3 D90 RORy A an B) Representatwe do’t~
plots (A) and percentages and means (B) (honzonta| bars) of ileal F-ECs
isolated from Rorc*’* and Rorc8™&® mice (n = 10 mice per group). SSC,
side 'scatter. **P < 0:.01 by using Student's t test, Data of two independent
expenments are combined. (€) Whole-mount ileal tissues from ‘Rorc*/*
and R’orcgf"/g'p mice were stained with UEA- (red) and: WGA (green) (n = 10
“mice” per group). Scale bars, 100 pm. Data are representative of two
independent experiments, (D) Expressnon of Fut2 in ileal ECs isolated from
Rorc™*"and RorcE™&® mice (n = 5 mice per group). Data are representative
of two independent experiments. Error bars indicate SD. *P < 0.05. (E and F)
Representatlve dot-plots (E) and percentages and means (F) (horizontal
‘bars) of ileal ECs isolated from [d2** and Id2~~ mice (n = 3 mice per group).
Data of three independent experiments are combined. (G) Whole-mount
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Id2+*

o

anti:CD90.

anti-CDSO lso[‘;ype
staining of ileal villi isolated from Id2*/* and /d2™/~ mice. Scale bars, 100 pm.
Data are representative of three independent experiments. (H and J)
Representative dot-plots of ileal ECs isolated from Rag™~ and Rag“’ ~ mice
(H) and Rag™~ mice treated with mAb to CD90 (anti-CDY0 mAb) or isotype
control Ab to CD90 (J) (n=3 rmce per group) (I'and K) Whole-mount
staining of ileal villi isolated from Rag*’~ or-Rag™~ mice (1) and anti-CD90
mAB- or anti-CD90 isotype control Ab-treated Rag™"~ mice (K) (n = 3 mice

- per group). Scale bars, 100 um. Data are representative of "two independent

experiments, (L and M) Percentages.and means (horizontal bars) of ileal F-ECs
(L) and Fut2 expression (M) isolated from anti-CD90 mAb-~ or isotype control
Ab-treated Rag™~ mice (n = 3 mice per group). Data are representative of two
independent experiments. Error bars indicate SD. *P < 0.05, **P < 001 by
using Student’s t test.
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ILC3 (fig. 87, B and C), expression of 1L-22 was
31gn1ﬁcanﬂy reduced in AB-treated mice but ‘was
restored ‘after cessation of AB treatment (fig.
S7D). To 1dent1fy whether IL-22 is mvolved in
the induction of F-ECs, we analyzed mice lacking
IL-22 and found that they had reduced numbers
of F-ECs; this was . correlated with a decrease
'in epithelial Fut2 expression (Fig. 4, A and B).
We next examined whether 1L-22 alone induced

epithelial fucosylation. We used hydrodynamic -

delivery of an IZ22—encod.mg plasmld VECtor S0 as
10 ectopically overexpress 11-22 in ABA treated mice
(fig. S8, A and B). In both AB—tneated wﬂdtype
and Rorc™'e® mice, F-ECs were induced in both
the duodenum (part 1) and the ileum (pait 4) in-
mice ectopically producing . IL-22 but not in
mice receiving control vector (Fig. 4, C and D,
and fig. 88, C and D) ‘This suggests that IL22 is

sufficient for epithelial fucosylation. Expression
of Fut2 was correlated with the presence of IL-22~
mduced F-ECs (Fig. 4E) To conﬁrm whether
IL-22 produced by ILC3 i is necessary for epithe-

“lial fucosylation, Ragdeﬁaent mice were treated

with an a.nubody in order to neutralize IL-22 ‘Epi-
thelial Fut2 expression and fucosylation were in- .

’terrupted by the neutrahzanon of 1L-22 (Fig. 4,

Fio H). MlCI‘Oblal analyses of IL-22-deficient and

A_

UEA-1 WGA

antill22

F Isotype
i 23

82

Control AB B6

anti-lL22

§ 8

» 60

[+

L 40

.

20 v

Heo — T : :
Cont. 1L22. |L22° Cont. 1L22 jL22 Cont. IL22
B6 B6 Rorco'viate  B6 B6 Rorcafrioip B6

Fig. 4. IL-22 produced by ILCs is involved in the induction of F-ECs. (A
and B) Whole-mount tissues stained with UEA-1 (red) and WGA (green) (A)
and gene expression of Fut2 (B) in ileal villi isolated from 1122*/* or 1227/~
mice (n = 6 mice per group). Error bars indicate SD. *P < 0.05 by using
Student's t test. Scale bars, 100 um. Data are representative of two inde-
pendent experiments. (C to E) AB-treated C57BL/6 (B6) or RorcE™/E® mice
were intravenously injected with IL-22-encoding plasmid or control vector.
Whole-mount staining (C), frequency of F-ECs (D) (mean; horizontal bars),
and Fut2 mRNA expression'was analyzed by means of rRT-PCR (1 = 3 mice
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22
_ relative expression

o

.22
B6 Rorce®is™ Bg

Cont. IL22 IL22

B6 Rorcofiote Isotype anti-CD90
per group) (E). Scale bars, 100 ym. Error bars indicate SD. **P < 0.01 by
using Student’s t test. NS, not significant. Data are representative of. two
independent experiments. (F to H) Representative dot-plots (F), whole-mount
histologlcal images (G), and expression of. Fut2 (H) of ileal ECs isolated from
Rag™~ mice treated with antibody to IL-22 or control Ab. Scale bars, 100 um.
Error bars indicate SD. *P < 0.05 by using Student's t test. (1) Expression of
122 in ileal LP cells from Rag™~ mice treated with antibody. to CD90 or control
Ab. Error bars inidicate SD. **P < 001 by using Student's t test. Data are
representative of two independent experiments.

12 SEPTEMBER 2014 » VOL 345 ISSUE 6202 1254009-5



RESEARCH | RESEARCH ARTICLE

antibody-to-1L-22-treated Rag-deficient. mice re-
vealed the presence of SFB (fig. S6, A and B).
“These’ findings demonstrate that ILC3-derived
IL- 22 induced by commensal bacteria medlates
i epltheha\ fucosylatxon Furthermore; depletion
“of ILC3 by injecting antibody to CD90 into Rag-
deﬁment ‘mice resulted in marked reduction of
1L-22 expression (Fig. 41), supporting the notion
that TL-22-mediated signals produced by ILC3
are a key part of the EC fucosylation cascade.
" IL-22R is composed of two subunits, IL-22R1 and
IL-10RP (39):"Whereas IL-10R was ubiquitously
expressed, expression of IL-22R1 was specifically
detected in intestinal ECs and was not reduced,
even after the depletion of commensal bacteria
(fig. 59, A and B). Taken together, our findings

A
D
UEA-l WGA
F 100+ G
— 80 o0
& o
w 60 ——
2 o
®
L 40
w N
20
By gan-
0 T .-F! -
Rorcava®+WT BM Rorcs™ialerLia-~ BM
——‘-—VRomS'F'E"P - Rorceteigt

—p Ror(:ﬂﬂ”gfp

indicate that commensal bacteria provide. sig-
nals that prompt ILC3 to produce 11-22, which
leads to the induction of ¥ut2 by IL-22R-positive
intestinal ECs.

LTa expressed by ILC3 induces
epithelial fucosylation

ILC3 support the development and mainte-
nance of secondary lymphoid tissues through
the expression of lymphotoxins (LTs)—especially
LTo1B2 (40). The expression of Lia and Ltb genes
was higher in ILC3 than in any other intestinal
immune cell subset (fig. S1I0A). In contrast to 1122,
which' was induced by commensal bacteria, Lia
and Ltb gene expression in ILC3 was not affected
by commensal flora because the AB treatment

Lta*™ . Lta’-

did not alter the gene expression (fig. S1I0B). How-
ever, intestinal epithelial fucosylation and Fut2
expression were severely impaired in Lta™”" mice
(Fig. 5, A to C). Lta™™ mice possess congenital
defects in secondary lymphoid organs (41). To
elucidate the contribution of LT to epithelial
fucosylation in adult mice that have established
secondary lymphoid organs, wild-type mice were
treated with LTBR-Ig, which blocks LTa1B2 sig-
naling. Epithelial fucosylation was attenuated
by treatment with LTBR-Ig (Fig. 5, D to E), im-

plym s that a gontmuous LT sxgnal ls requlred for

mice transfem ‘BM cells taken from

c T
k] |
% |
®
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= Rorce'rlefp
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Rorcﬂ'?'ﬂ'MWT BM  Rorcs'™afe+[ ta/- BM
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Fig. 5. LTs in innate lymphoid cells induce F-ECs. (A) Representative
“values and means (honzontal bars) of frequency, of ileal F-ECs isolated from
Lta*/ *or Lta™/" mice (n = 10 mice per group). Data of two independent ex-
periments are combined. **P < 0,01 by using Student’s t test. (B) Repre-
sentative whole-motint staining of ileal villi isolated from Lta*’* or Lta™~ mice
(n =10 mice per group): Scale bars, 100 um. (C) Expression of Fut2 in'ileal ECs
‘isolated from Lta*"* or Lta™~ mice (n = 5 mice per group). Error bars inidicate
SD. **P < 001 by using Student's t test. Data are representative of two
independent experiments. (D) Representative whole-mount staining of ileal villi
from C57BL/6 mice injected with control IgG or LTBR-Ig. Tissues were
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stained with UEA-1 (red) and WGA (green). (n = 3 mice per group) (E)
Frequencies of F-ECs in the ileumn of C57BL/6 mice injected with control IgG
(control Ab) or LTBR-Ig twice (day 9), 3 times (day 16), or 4 times (day 23) (n =3
mice per.group). Error bars indicate SD, **P < 0.01 by using Student's ¢ test. (F
to H) Values and means (F), representative whole-mount staining (G), and
expression of Fut2 (H) in ileal ECs isolated from Rorc8™8® mice injected with
a mixture of BM cells from RorcE™E® and WT mice or RorcE™&® and Lta™~
mice (n = 7 to 8 mice per group). Data of two independent experiments are
combined. Error bars indicate SD. **P < 0.01 by using Student's t test. Scale
bars, 100 um. '
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LTa-deficient or -sufficient mice and mixed with
BM cells from RORyt-deficient mice into lethally
jrradiated recipients. F-ECs and Fut2 expression
were diminished in recipient mice reconstituted
with BM cells containing LTOHieﬁclent RORyt*
ILC3, whereas substantial numbers of F-ECs, and -
Fut2 expression, were mduced in recipient rmoe, :

sufficient RORyt" ILC3, indicating the importance
of LTa expressed by ILC3 in the mducnon of
F-ECs (Fig. 5, Fto H). When the microbiota of
LTo-deficient mice or of mixed BM chimeras oon-
taining LTa—deﬁment ILC3 were exarn'
stantlal numbers of SFB Were observe

regulated by ILC3-der:vedk

,' ina wrrjmenéél'
ﬂora—independent manner. - S

Epithellal fucosylatlon protects agalnst

,,\pathog ni

cells, the Fut2 expression and ileal epithelial

“fiicosylation observed in wild-type mice were |

abolished in Fut2™/~ mice (fig. S11, A to E). We
did not detect any overt changes in mucosal
leukocyte populations or in IL-22 or LT expres-

- sion in ILC3 in these mice (fig. S1IF and table
“81).. Epltheha.l fucosylation provides an environ-
reconstituted with BM cells containing LTa- | I
“'species (6-9); however, it is unknown whether
- epithelial fucosylation affects colonization and |

‘subs u t infection by pathogenic bacteria. To* nonella
‘ ffects of intestinal fucosylation on |- observation
: acterial infection, we first infected | C
| GF mice with the en'reropathogemcbactenum Sal— -ease

mental platform for colonization by Bacteroides

ECS from both part 1 (duodenum) and part 4
(ileum) of the mouse intestine were fucosylated,
and this was correlated with Fut2 expression

(Fig. 6, A and B). Previous reports have shown | sugge:

that expression of IL-22 in ILCs is much higher
in mice infected with S. typhimurium (43, 44).

Part 4

Fut2
relative expression

Fut2++
uninfected

_ GFsSt

Therefore, S. typhimurium-induced epithelial .
‘fucosylation may be mediated by ILC3. Indeed,
epithelial fucosylation was not induced in RORyt-
deficient mice after S. fyphimurium infection
(Fig. 6C). To investigate whether epithelial fu-
cosylation has a role in regulating pathogenic
bacterial infection, we infected wild-type or
Fut2™”" mice with S. typhimurium and examined
dlsease progressmn Compar Wlth wﬂdtype

*y5um titers in cecal ntents were comparable
between wild-type and Fuz2”~ mice, increased
numbers of S. typhzmunum infiltrated the cecal

ice (Fig. 6F).. These results

“Cecal contents

Cecal tissue
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Fig. 6. Epithelial fucosylation protects against infection by S. typhimurium.
(A) Whole-mount tissues from part 1 (duodenum) and part 4 (|leum) of.the .

small intestines of germ- -free(GF) or S. typhlmurlum mfec’ced GF mice were
stained with UEA-1 (red): and WGA (green) (n 3to4 mice pergroup) Scale

bars, 100 um. (B) Eplthehal Fut2 expressmn in part 1 and part 4 of the small B

mtestmes of GF and-S. typh/munum —infected GF mice was ana!yzed by
using quantitative PCR (n =3 to 4 mice per. group) Error’ bars indicate SD.
#*P < 0.01 by using Student's t test. (C) Whole-mount tlssues from ileum of
S. typhimurium~infected Rorc*’* or Rorcgf"”gfp mice were isolated and stained

SCIENCE sciencemag.org

with UEA 1 (red) and WGA (green) (n 3to4 mice per. group) Scale bars,
100 pm. (D and E) Fut2+/ * or Fut2™'~ mice were: lnfected with S. typhimurium.
Red arrow shows inflammation of the cecum. Representatuve macroscopic
images (D). and hematoxylm and eosin-stained cecal sechons (E) of infected

or uninfected mice (n = 5 mice per.group). Scale bars, 100 um: (F): Numbers of
. bacteria in the luminal contents, and within the tissues, of the ceca of Fut2*/*

or Fut2™’~ mice were counted 24 hours after infection (n= - 5 mice. per.group).
*P < 0,05 by using Student’s t, test NS, not 5|gn1fncant Three independent
experiments were performed with similar results.
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,Flg 7. Scheme for. the mductlon and regulatlon of eplthehal fucosylahon by ILCB IL 22 and LTu producmg lLC3 are cntlcal cells for: the induction

and infections with pathogenic microorganisms,

‘especially Norwalk virus and rotavirus in hu- -
mans (I13-19).-Understanding the mechanisms.

of regulation of Fut2 gene expression and fu-
cosylation, one of the major glycosylation events

in intestinal ECs, is therefore of great interest. |

Previously, it-was thought that epithelial fucosyl-
ation- is initiated by direct interaction between
commensals and. ECs (7). Indeed, several reports
have shownthat epithelial fucosylation is actively
~induced and used by Bacteroides (8, 9). Here, we
unexpectedly found that microbiota-epithelia
cross-talk is insufficient to induce epithelial fu-
cosylation, and rather, CD90" RORyt* ILC3 are
necessary for induction of epithelial Fut2 ex-
pression and consequent fucosylation. ILC3 lo-
cated in the intestinal lamina propria express
high' levels of IL-22 in a’commensal bacteria-
dependent manner (Fig: 41 and fig. S7, A and
D). This IL-22 then presumably binds to IL-22R
expressed by intestinal ' ECs, leading to the
induction of Fut2 and initiation of the EC fu-
cosylation process (Fig. 7). In contrast to the ex-

1254009-8

‘of epithelial fucosylation when ILC3 are ppro

' © pression of IL~22, 1LC3 express LT'in a‘otmuhensai

bacteria-independent manner. Spontaneous ex-

- pression of LT on ILC3 also contributes to the
- induction of epithelial fucosylation. To explain
- the mechamsm underlymg mductlon of eplthe- :

 sion of iﬁ22R'by'ECS, and vice versa, and/or the

expression of IL-22. Indeed, a previous report has
shown that LT produced by ILC3 regulates the
expression -of 11-23 by intéstinal dendritic cells,
as well as the subsequent production of 1L-22

by ILC3 after infection with C. rodentium (45).

m | How ILC3-derived IL-22 and LT regulate epi-

¢ Although other typesy bf st:\mulatlon may a]so af-
" fect epithelial fucosylation; our ﬁndlngs reveal a

critical role for ILC3.
- Our results demonstrated that IL-22 produced
by ILC3 is necessary and sufficient for mductmn

priately stimulated by commensal’ mlcroblota

(Fig. 4, A to E). In addition to IbZZ—medJatedi{/
epxthellal fuoosylauon, our nasul,, also sh that',

to C). Our findings suggest two. posélblhtl

fucosylation. The first is that Fut2 expression and
subsequent epithelial facosylation are induced
when the intensity. of synergistic or additive sig-

‘nals from IL-22 and LT is above the threshold

for activation of Fut2. For example, LT produced
by ILC3 provides the baseline signal for the mini-
mum expression of Fut2, whereas commensal-
mediated IL-22 produced by ILC3 drives the
maximum expression of Fut2 for the induction
of epithelial fucosylation. The second possibility is
that LT directly or indirectly regulates the expres-
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r :,to the eplthelmm Commensal microbes contin-
the IL-22/LT—med1ated regulatlon of eplthehal

| thelial Fut2 expression remains to be further

elucidated.
- Our findings provide further evidence of the

“critical roles of commensal microbiota, epithelial

cells; and innate immune cells:(such as ILC3) in
the creation of a protective platform against in-

_fection by pathogenic bacteria (Fig. 7). Ablation
',"o ep' thelial fuoose allowed ‘severe infection by

el blocks the attachment of S. typhimurium

uously stimulated goblet cells"to release fucosyl-
ated mucin into the intestinal lumen (Fig. 2C).
Indeed, in a previous in vitro study, H-type 2 anti-
gens, which are synthesized by Fut2 in intestinal
ECs, prevented the binding of S. typhimurium to
fucosylated epithelia; this supports our present
findings (42). Our findings suggest a protective
role for ILC3-mediated mucus-associated fucosyl-
ated glycan against infection by pathogenic
bacteria. .

ILC3 play critical roles in regulation of immune
responses during mucosal infection, especially
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