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ABSTRACT

ARTICLE HISTORY
Received 15 June 2016

Intestinal dysbiosis is thought to confer susceptibility to inflammatory bowel disease (IBD), but it is
unknown whether dynamic changes in the microbiome contribute to fluctuations in disease
activity. We explored this question using mice with intestine-specific deletion of Clgalt1 (also
known as T-synthase) (Tsyn mice). These mice develop spontaneous microbiota-dependent colitis
with a remitting/relapsing course due to loss of mucin core-1 derived O-glycans. 16S rRNA
sequencing and untargeted metabolomics demonstrated age-specific perturbations in the
intestinal microbiome and metabolome of Tsyn mice compare with littermate controls at weeks 3
(disease onset), 5 (during remission), and 9 (after relapse). Colitis remission corresponded to
increased levels of FoxP3+RORyt+CD4+ T cells in the colonic lamina propria that were positively
correlated with operational taxonomic units (OTUs) in the S24-7 family and negatively correlated
with OTUs in the Clostridiales order. Relapse was characterized by marked expansion of FoxP3-
RORyt+CD4+ T cells expressing IFNy and IL17A, which were associated with Clostridiales OTUs
distinct from those negatively correlated with FoxP3+RORyt+CD4+ T cells. Our findings suggest
that colitis remission and relapse in the Tsyn model may reflect alterations in the microbiome due
to reduced core-1 O-glycosylation that shift the balance of regulatory and pro-inflammatory T cell
subsets. We investigated whether genetic variation in Cl1galt1 correlated with the microbiome in a
cohort of 78 Crohn’s disease patients and 101 healthy controls. Polymorphisms near Clgalt1
(rs10486157) and its molecular chaperone, Cosmc (rs4825729), were associated with altered
composition of the colonic mucosal microbiota, supporting the relevance of core-1 O-glycosylation
to host regulation of the microbiome.
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Introduction

IBD, consisting of Crohn’s disease and ulcerative
colitis, is a chronic inflammatory disease of the gastro-
intestinal tract believed to arise from a combination of
genetic susceptibility and environmental factors. A
prominent role for the intestinal microbiome in the
pathogenesis of IBD has been proposed based upon
the resistance of germ-free mice to experimental colitis
and the transmissibility of experimental colitis via the
microbiome.'” IBD patients have reduced microbial
diversity and alterations in the composition and func-
tion of the intestinal microbiome compare with
healthy controls.*” While it has been speculated that

this intestinal dysbiosis could contribute to disease
development, it is unclear whether IBD-associated
microbes incite disease or merely respond to the
mucosal changes caused by inflammation. It is also
unclear whether fluctuations in the composition of the
microbiome could be related to changes in disease
activity in IBD, which clinically is characterized by
episodic flares.

The mechanisms of disease remission and relapse
in IBD patients have been difficult to study due to the
paucity of models that replicate this disease behavior.
Spontaneous subsequent
relapse has been consistently observed in a model of

disease remission with
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distal-predominant colitis induced by intestinal epi-
thelial cell deficiency of T-synthase (Tsyn; also known
as core 1 B1,3 galactosyltransferase, Clgalt1).” Tsyn
mice develop transient colitis immediately after wean-
ing (3 weeks of age) which resolves by week 6 but
reoccurs by week 8. Broad spectrum antibiotic treat-
ment of Tsyn mice with vancomycin, neomycin,
ampicillin, and metronizadole reduces disease severity,
indicating a role for the gut microbiota. Interestingly,
these disease phases are lost in the absence of adaptive
immunity, replaced by monophasic colitis starting at
the time of weaning. Monophasic colitis can also be
induced in adult mice by inducible deletion of Tsyn in
epithelial cells. This variant of the Tsyn colitis model
is microbiome-dependent as colitis fails to develop
under germ-free conditions and is attenuated with
broad-spectrum antibiotic treatment.** Monoassocia-
tion of germ-free Tsyn mice with Bacteroides thetaio-
taomicron but not Bacteroides sartorii or Lactobacillus
johnsonii was sufficient to restore colitis, demonstrat-
ing that colitis induction depends on specific members
of the intestinal microbiome.” A second group inde-
pendently generated mice with inducible intestinal
epithelial cell deletion of Tsyn that failed to develop
colitis.'® This was attributed to differences in the
microbiome of their facility compare with that of the
initial group, highlighting the importance of microbial
composition for Tsyn colitis.

It is unclear how intestinal microbes interact with
the Tsyn-deficient epithelium to trigger colitis. Defi-
ciency of core 1 O-glycans in Tsyn mice results in loss
of the inner mucus gel layer, reduced Muc2 in the
mucus barrier, and increased intestinal permeability
to FITC-dextran prior to disease onset.® The altered
mucosal barrier may not only allow increased access
to the epithelium by intestinal microbes but also shape
the composition and function of the microbiome. This
would be consistent with the growing literature on
genetically encoded host mechanisms for gardening
the microbiome.'"'* Fucosylation of mucin by a1-2
fucosyltransferase (Fut2) represents an existing prece-
dent for gardening of the microbiome through modu-
lation of host mucus glycosylation. Fucose is utilized
as a nutrient source by some bacteria, most notably B.
thetaiotaomicron, and can be scavenged from mucus
by pathogens such as E. coli and Salmonella typhimu-
rium early during infection.”>”"> In addition, fucosy-
lated mucins have been shown to serve as an
attachment site for pathogens such as norovirus and

Campylobacter jejuni.'®'” Fucosylation is a micro-
biota-dependent process that requires host sensing of
microbial products via Toll-like receptors followed by
secretion of IL22 by activated innate lymphoid cells,
and IL22-dependent epithelial cell production of
Fut2.!®!® In humans, deficiency of FUT2 - which
occurs in around 20% of individuals, termed “non-
secretors” — is associated with shifts in microbial com-
position in the colonic mucosa, feces, and bile.”**
Tsyn deficiency could similarly affect microbial com-
position by altering nutrient sources and disrupting
attachment sites for the intestinal microbiota.

Two groups have used pyrosequencing of luminal
content from the cecum, distal colon, and feces of mice
with inducible deletion of Tsyn in epithelial cells to
assess for genotype-specific effects on the microbiome.
Both showed subtle alterations in intestinal microbes,
with one reporting 8 differential OTUs and the other
only 1.>'° However, the microbiome of mice with con-
stitutive Tsyn deletion has not been characterized and is
of interest as dynamic shifts in microbial composition
after weaning could account for the distinctive disease
states in this model. We performed an analysis of the
microbiome, metabolome, and mucosal T cell pheno-
type during disease onset, remission, and relapse.
Remission and subsequent relapse were associated with
fluctuations in the intestinal microbiome that may shift
the balance of regulatory and pro-inflammatory T cells.

Results

Disease phases of Tsyn colitis are associated with
shifts in CD4+ T cell subsets

We selected 3 time points to represent the stages of
Tsyn colitis: disease onset (week 3), remission (week
5), and relapse (week 9). Histologic analysis was per-
formed on distal colons of mice at each of these time
points to confirm that the kinetics reported in the ini-
tial description of the Tsyn model were reproducible
in our barrier facility. The colons of mice with intesti-
nal specific deletion of Tsyn at week 3 were character-
ized by surface ulceration, loss of goblet cells, and
infiltration ~with  polymorphonuclear leukocytes
(Fig. 1A). At week 5, the epithelium of Tsyn mice had
mostly normalized, with a histologic score that was
not significantly different from that of littermate con-
trols lacking the Cre recombinase required for intesti-
nal specific deletion (Fig. 1A-B). By week 9, Tsyn mice
had recurrent colitis characterized by deep ulceration,
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Figure 1. Tsyn mice have a remitting/relapsing colitis course. (A) Hematoxylin and eosin staining of sections of distal colon from Tsyn
and Cre-negative littermate controls (“control”) mice at weeks 3 (onset), 5 (remission), and 9 (relapse). 20x magnification. (B) Line graphs
showing the histologic score of Tsyn and control mice at weeks 3, 5, and 9. Mean +/— SEM (standard error of the mean). Significance

was determined using a 2-tailed t-test. “**p < 0.0005.

loss of goblet cells, crypt hyperplasia, infiltration with
polymorphonuclear leukocytes, and expansion of the
lamina propria with mononuclear cells.

It has previously been reported that these disease
phases are dependent on adaptive immunity.® This
raised the possibility that regulatory T cells mediate
transient remission. To investigate the immunologic
mechanisms of remission and relapse further, we
characterized expression of FoxP3 and RORyt by
CD4+ T cells in the colonic lamina propria. These
two transcription factors have been used to define
regulatory and pro-inflammatory T helper subsets.***’
3-week old Tsyn mice had a mild increase in
FoxP3+RORyt+ cells, which have recently been
reported to represent microbiota-induced regulatory
T cells in the colon (Fig. 2A, C).***” Tsyn mice had an
equivalent frequency of FoxP3-RORyt+CD4+ T cells
as controls, but cytokine staining revealed an
increased frequency of expression by these cells of the
pro-inflammatory cytokines IFNy and IL17A
(Fig. 2A-D). At week 5, Tsyn mice continued to have
an increased frequency of FoxP3+RORyt+ regulatory
T cells but equivalent IFNy and IL17A production by
RORyt+ T cells as controls. By week 9, Tsyn mice
showed a striking expansion of FoxP3-RORyt+CD4+
T cells, predominantly expressing IFNy or both IFNy
and IL17A, with a concomitant decrease in
FoxP3+RORyt+CD4+ T cells.

Tsyn mice have age-specific alterations in the
luminal and mucosal microbiome of the colon

We undertook deep 16S rRNA sequencing (median
sequence depth 573,982 sequences/sample) of the

luminal and mucosal microbiome to assess whether
these observed shifts in T cell subsets corresponded to
altered microbial composition. Weeks 3, 5, and 9 each
had distinct microbial composition (Fig. 3A). The
microbiome was also strongly influenced by sample
type (mucosal vs. luminal) and sample site (distal colon,
proximal colon, cecum, ileum). Tsyn genotype had a
statistically significant effect on overall composition
(p = 0.0003) across all samples. A stratified analysis was
then performed to assess the Tsyn genotype effect at
each time point within the mucosal and luminal
compartments. Tsyn had a statistically significant effect
on both the mucosal and luminal microbiota at weeks 3,
5, and 9 (Fig. 3B). Tsyn did not influence microbial
diversity at weeks 5 and 9, though there was a decrease
in the number of observed species (but not the Shannon
index) in Tsyn mice at week 3 (data not shown).

We then performed multivariate analysis to identify
specific differentially abundant microbes in Tsyn mice
compare with controls at each of the 3 time points.
Week 3 was associated with change in 341 luminal
and 416 mucosal OTUs, week 5 with 301 luminal and
271 mucosal OTUs, and week 9 with 553 luminal and
221 mucosal OTUs (Fig. 4A). The large number of dif-
ferential OTUs at week 5 suggested that the Tsyn
microbial signature was not solely secondary to colitis
but also reflected an effect of the altered mucus barrier
on the microbiome. Week 5 Tsyn mice had both
increased and decreased abundance of many Clostri-
diales OTUs as well as highly abundant S24-7, Lach-
nospiraceae, and Oscillospira OTUs. The microbiome
of these mice was enriched in Mollicutes, Lactobacil-
lus, Anaeroplasma, Mucispirillium schaedleri, and
[Ruminococcus] gnavus OTUs and depleted in
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Figure 2. Colitis onset, remission, and relapse in the Tsyn model are characterized by shifts in the FoxP3+ and FoxP3- subsets of
RORyt+CD4+ (T)cells. (A) Flow cytometry plots showing intracellular for the transcription factors FoxP3 and RORyt in CD4+ T cells
isolated from the colonic lamina propria. (B) Flow cytometry plots showing intracellular staining for IFNy and IL17A in RORyt+CD4+ T
cells isolated from the colonic lamina propria. (C) Line graphs showing the % of CD4+ T cells that are FoxP3+RORyt-, FoxP3+RORyt+,
or FoxP3-RORyt+. Mean +/— SEM. Significance was determined using a 2-tailed t-test. * p < 0.05,”" p < 0.01 (D) Line graphs showing
the % of RORyt+CD4+ T cells that are IFNy+IL17A-, IFNy+IL17A+, or IL1T7A+IFNy-.

Haemophilus parainfluenzae, Neisseria subflava, Strep-
tococcus, and Acinetobacter OTUs (Fig. 4B). Week 3
Tsyn mice had increased abundance of [Eubacterium]
dolichum, Sutterella, S24-7, and Proteus (shared with
week 9) OTUs and decreased abundance of Clostri-
diales, Ruminococcaceae, Lachnospiraceae, Rumino-
coccus, and [Ruminococcus] gnavus OTUs (Fig. 4C).
Week 9, in contrast, resembled week 5 in showing
both increased and decreased abundance of many
Clostridiales, S24-7, and Lachnospiraceae OTUs.
There were fewer Tsyn associated Mollicutes OTUs
compare with week 5 and a wider range of depleted
genera, which included a number of pathobiont-asso-
ciated genera such as Klebsiella, Neisseria, Fusobacte-
rium, Acinetobacter, Pseudomonas, and Mycoplasma.

Tsyn deficiency affects the intestinal metabolome

We evaluated the functional consequences of the shifts
in microbial composition at weeks 3, 5, and 9 using

untargeted metabolomics. As with microbial composi-
tion, metabolomics profiles were affected predomi-
nantly by time point and secondarily by sample site
(Fig. 5A). The effect of genotype on the metabolome
was significant when analyzing all the samples
together (p = 0.01) and when all 3 time points were
analyzed separately (Fig. 5B). Week 3 was associated
with change in 60 metabolites, week 5 with 120 metab-
olites, and week 9 with 88 metabolites (Fig. 5C). There
was overlap of 24 metabolites between weeks 5 and 9
but minimal overlap between week 3 and either of the
2 other time points. Week 3 was characterized by
increased levels of metabolites putatively identified as
arachidonate and one of its bioactive derivatives,
leukotriene F4, and reduced purine metabolites puta-
tively identified as inosine and aminoimidazole ribo-
tide (Fig. 5D). Shifts in putative bile acids included
increased taurocholate, decreased cholic acid, and
decreased 3o,7c,120—Trihydroxy—58—cholestanoate
at week 5 and decreased chenodeoxycholate and cholic
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Figure 3. Tsyn deficiency is associated with shifts in the colonic mucosal and luminal microbiome during both active colitis and remis-
sion. (A) Principal coordinates analysis (PCoA) plots for microbial samples from Tsyn and control mice at weeks 3 (onset), 5 (remission),
and 9 (relapse). Samples are colored by age, type (lumen vs. mucosa), location (Dis Col = distal colon, Pr Col = proximal colon, Cec =
cecum, lleum), and genotype. P-values for differences in 8 diversity were calculated by Adonis. (B) PCoA plots stratified by lumen vs.

mucosa for samples from weeks 3, 5, and 9.

acid at week 9. Omega 6-fatty acids were also affected,
with increased linoleate at week 5 and decreased doco-
satetraenoic acid and docosapentaenoic acid at weeks
5and 9.

Clostridiales and S24-7 OTUs are associated with the
FoxP3+RORyt+ and RORyt+FoxP3- CD4+ T cell
subsets

We then investigated whether shifts in the intestinal
microbiome and metabolome in Tsyn mice were asso-
ciated with CD4+4 T cell immunophenotype during
the 3 time points. We constructed correlation net-
works with nodes representing luminal microbes,
mucosal microbes, and metabolites that were differen-
tially abundant by Tsyn genotype at week 5 in multi-
variate models (Fig. 6A). Microbes and metabolites
were only included in the network if they also

correlated with the frequency of FoxP3+RORyt+
CDA4+ T cells across all 3 time points after adjustment
for age, sample location, and Tsyn genotype. Edges
represent statistically significant correlations of the
residuals of microbes and metabolites from multivari-
ate models incorporating age, sample site, and
genotype. The correlation network highlighted an
association of FoxP34+RORyt+ CD4+ T cells with a
co-correlated set of 8 S24-7 OTUs that were reduced
in Tsyn mice at week 5 compare with controls
(Fig. 6A). These OTUs were inversely correlated with
3 metabolites - including 2 putatively identified as 4,8-
dihydroxyquinoline - that had increased abundance in
Tsyn mice at week 5. FoxP3+RORyt+ T cells were
negatively associated with Clostridiales and Rumino-
coccaceae, of which 7 out of 10 Clostridiales and 3 out
of 4 Ruminococcaceae had increased abundance in
Tsyn mice at week 5.
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Figure 4. Distinct OTU shifts are seen in Tsyn mice at disease onset, remission, and relapse. (A) Venn diagrams show the number of OTUs
enriched or depleted in the colonic lumen or mucosa of Tsyn vs. control mice, comparing weeks 3, 5, and 9. Differential abundance was
determined from multivariate models adjusting for location (distal colon, proximal colon, cecum), and genotype. (B) Log2 fold changes
(FC) for OTUs with a statistically significant difference in abundance between Tsyn and control mice at week 5 and mean normalized
abundance > 107 in either the mucosa (dot) or lumen (triangle). Colors correspond to the Venn diagrams in panel A. Symbol size
corresponds to OTU abundance. OTUs are grouped by genus or by family (f), order (o), or class (c) if they did not have an assigned
genus. OTUs putatively identified at the species level are annotated. (C) Log2 FC for OTUs with a statistically significant difference in
abundance between Tsyn and control mice at weeks 3 or 9 (but not week 5) and mean normalized abundance > 107 in either the

mucosa or lumen.

A second correlation network was constructed for
luminal microbes, mucosal microbes, and metabolites
that were associated with Tsyn colitis at weeks 3 and 9
but was not associated with Tsyn genotype at week 5

(Fig. 6B). Microbes and metabolites were included if
they correlated with the frequency of FoxP3-RORyt+
CD4+ T cells across all 3 time points after adjustment
for time point, sample location, and gender. FoxP3-



GUT MICROBES (%) 7

A Age (weeks) 3 5 9 Distal Colon Cecum Tsyn Control c ELEVATED
- e® s - & . e o < Week 5
‘. ,. '. o
< s (o ALY g LI L [
B I o e Fo . RO
; b "- .. & % % Jn L il % : ] "- . . % :
. p<107® . p=5x10"" . p=0.01 v

PC1 (31%)
Week 3 Week 9

B Tsyn Control ® Distal colon ® Cecum REDUCED

Week 3 Week 5 Week 9 Week 5

PC2 (15%)
PC2 (19%)
PC2 (12%)

ey o N/
\?

24 .®

e p=0.01 p=0.009 p=0.04 Week 3 Week 9

PC1 (28%) PC1 (29%) PC1 (35%)

254

Log2 FC Tsyn vs. Control

Density

2 4 6 8
Retention time (minutes)

Figure 5. Tsyn mice have age-dependent alterations in the colonic metabolome. (A) PCoA plots for metabolomics data from Tsyn and
control mice at weeks 3 (disease onset), 5 (remission), and 9 (relapse). Samples are colored by age, location, and genotype. P-values for
the difference in metabolomics profiles across all groups were calculated by Adonis. (B) PCoA plots for metabolomics data stratified by
age. (C) Venn diagrams show the number of metabolites enriched or depleted in Tsyn vs. control mice, comparing weeks 3, 5, and 9. Dif-
ferential abundance was determined from multivariate models adjusting for location (distal colon, cecum) and genotype. (D) Log2 FC for
metabolites with a statistically significant difference in abundance between Tsyn and control mice at week 3, 5, or 9. Metabolites
overlapping between weeks are plotted based upon FC at week 9. The lower panel shows the density of detected spectral features by
retention time. Metabolites with a putative identification based upon m/z are annotated.

RORyt+ T cells were positively correlated with 5 lumi-  metabolites (including one identified as docosatetraenoic
nal Clostridiales OTUs that had increased abundance in ~ acid) were negatively correlated with RORyt+ T cells.
Tsyn mice compare with controls. The remaining  These negatively associated microbes had reduced or
microbes, including many other Clostridiales OTUs,and  unaffected abundance in T'syn mice at week 9.
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Figure 6. FoxP3+ and FoxP3- RORyt+CD4+ (T) cells are associated with the abundance of Clostridiales and S24-7 OTUs. (A) Nodes
represent luminal OTUs, mucosal OTUs, and metabolites that are differentially abundant in Tsyn mice at week 5 and significantly
associated with the frequency of FoxP3-+RORyt+CD4+ T cells after adjustment for time point, genotype, and location. Node size
reflects the significance of association (g-values). Edges represent statistically significant correlations (q<0.05) between nodes after
adjustment for time point, genotype, and location. Microbial taxa and metabolites are labeled by fill color or letters. (B) Network
depicting microbes and metabolites that are differentially abundant in Tsyn mice at weeks 3 and/or 9 (but not week 5) associated with

FoxP3-RORyt+CD4+ T cells.

Single nucleotide polymorphisms (SNPs) near Tsyn
and its molecular chaperone, Cosmc, are associated
with colonic mucosal microbiome composition in
humans

Our findings of altered microbial composition in mice
lacking epithelial Tsyn led us to investigate whether
genetic variation in Tsyn was associated with the com-
position of the colonic microbiome in humans. We
investigated this using the previously described MLI
cohort, consisting of colonic mucosal samples from 78
patients with Crohn’s disease and 101 healthy controls
genotyped using the Immunochip.”® We evaluated the
association with the microbiome of a SNP near the
Tsyn gene, rs10486157 on chromosome 7, with a
minor allele frequency (G) in Crohn’s disease patients
of 0.31 and in healthy controls of 0.28. We also
studied a SNP, rs4825729 on the X chromosome, near
the gene for Cosmc (core-1 B1,3 galactosyltransfer-
ase—specific chaperone 1, Clgalt1C1), an endoplasmic

reticulum chaperone required for Tsyn expression.*’
The minor allele frequency (A) of the Cosmc SNP in
Crohn’s patients was 0.21 and in healthy controls was
0.44. Each SNP was found to have a statistically signif-
icant association with the composition of the colonic
mucosal microbiome in both Crohn’s disease patients
and healthy controls (Fig. 7A). Homozygote or hetero-
zygote healthy carriers of the Tsyn minor allele were
found to have increased levels of the butyrate produc-
ing bacteria Faecalibacterium prausnitzii and Rosebu-
ria faecis and decreased levels of Veillonella species
and Haemophilus parainfluenzae (Fig. 7B). Healthy
Cosmc carriers had increased levels of Enterobacteria-
ceae, Lachnospiraceae, Eggerthella lenta, [Ruminococ-
cus] gnavus, Serratia marcescens, Enterobacter
hormaechei, Veillonella parvula, and Haemophilus
parainfluenza. There was little overlap in the specific
microbes associated with the minor alleles of the Tsyn
and Cosmc SNPs, suggesting that each had distinct
functional consequences.
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Figure 7. Common SNPs near the Tsyn and Cosmc loci are associated with alterations in the colonic mucosal microbiome of Crohn'’s
disease patients and healthy controls. (A) PCoA plots are shown for colonic mucosal samples from patients with Crohn’s disease and
healthy controls, colored by genotype for SNPs located near the Tsyn and Cosmc loci. Homozygous refers to having 2 copies of the
minor allele, or one copy of the X-linked Cosmc SNP in males. P-values were calculated by Adonis. (B) Log2 FC in healthy controls
between Tsyn and Cosmc homozygotes and non-carriers of the minor allele for OTUs with q<0.05. OTUs are only shown if they also
had a statistically significant difference in abundance between heterozygotes and non-carriers and had mean normalized abundance >

10~ Dot size corresponds to OTU abundance.
Discussion

We found that disease onset, remission, and relapse in
the Tsyn colitis model were characterized by geno-
type-related and temporal fluctuations in the micro-
biome, in particular in unclassified members of the
Clostridiales order. Tsyn mice in remission at week 5
had an expanded population of FoxP3+ RORyt+ reg-
ulatory T cells that may mediate remission. However,
these mice also had decreased levels of $24-7 and
Clostridiales OTUs associated with FoxP3+ RORyt+
T cells. This alteration in the microbiome may have
contributed to the normalization of the FoxP3+
RORyt+ colonic regulatory T cell subset by week 9.
Disease relapse in week 9 Tsyn mice corresponded to

a dramatic increase in IFNy- and IL17A-expressing
FoxP3-RORyt+CD4+ T cells. These cells were corre-
lated with a subset of Clostridiales that were elevated
at week 9 and inversely correlated with other Clostri-
diales OTUs that were depleted at week 9. It is possible
that Tsyn-mediated changes in the unclassified Clos-
tridiales OTUs associated with weeks 5 and 9 affect T
cell phenotype, in particular altering the balance
between differentiation of the FoxP3+ regulatory and
FoxP3- pro-inflammatory subsets of RORyt+ T cells.
This is in line with evidence that Clostridia from the
mouse and human intestines induce regulatory T
cells.’>*! Clostridiales OTUs that were positively
correlated with RORyt+CD4+ T cells may induce
IL17A-producing RORyt+CD4+ T cells in a similar
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manner as another group of Clostridiales - segmented
filamentous bacteria.’ It has recently been shown that
induction of IL17A-producing RORyt+CD4+ T cells
is mediated by epithelial adhesion.”® Negatively corre-
lated Clostridiales may compete with these microbes
for the same niche. These suggestive associations war-
rant further investigation in gnotobiotic mouse mod-
els to determine if selective colonization with these
unclassified members of the Clostridiales order can
influence T cell phenotype and disease severity in
Tsyn mice. Interestingly, week 9 Tsyn mice had
reduced levels of genera associated with pathobionts
including Klebsiella, Neisseria, Fusobacterium, Acine-
tobacter, Pseudomonas, and Mycoplasma, perhaps due
to mucosal gardening by the expanded population of
FoxP3-RORyt+ CD4+ T cells. This highlights the
need to interpret microbiome data in the context of
host immune system-microbiome interactions rather
than simply by levels of suspected pathobionts.
Metabolite shifts were seen in the colonic lumen at
each phase of Tsyn colitis. The vast majority of
detected metabolites could not be identified - includ-
ing most of those associated with FoxP3-+RORyt+
regulatory T cells or FoxP3-RORyt+CD4+ T cells.
Unknown signals similarly dominated the results of a
prior mouse cecal metabolomics study and may repre-
sent novel microbial products, highlighting the need
for further characterization of the tremendous chemi-
cal diversity of the bacterial metabolome.’*** Many of
the putatively identified metabolites associated with
Tsyn status are of host origin, possibly modulated by
microbial signals. For instance, arachidonate, elevated
in the colon of week 3 Tsyn mice, is produced via
phospholipase A2 in response to bacteria.*® Bile acid
levels have recently been shown to be influenced by
intestinal microbes through their direct metabolism of
primary bile acids and consequent modulation of
intestinal FXR signaling.>” Tsyn mice had a primary
bile acid profile (increased taurocholic acid at week 5
and decreased cholic acid at weeks 5 and 9) that mir-
rored changes in mice treated with antibiotics.”” This
may reflect reduced metabolic activity of host glycan-
scavenging microbes that are deprived of substrate in
Tsyn mice due to mucus barrier deficiency. However,
the specific metabolic signature of these microbes is
challenging to identify as microbial metabolism differs
greatly between monocultures and complex in vivo
ecosystems.”® Existing metabolomics studies of
humans with expansion of mucolytic organisms such

as Akkermansia have not shown consistent metabolite
signatures.**

Although the Tsyn and Cosmc SNPs described here
were not found to be associated with IBD in a large
meta-analysis of Immunochip data, the SNP-associ-
ated changes in the colonic mucosal microbiome are
reminiscent of changes seen in IBD patients.*' In par-
ticular, Cosmc minor allele carriers had changes paral-
leling IBD including increased Enterobacteriaceae,
Veillonella parvula, and H. parainfluenzae.® While
these microbial changes in and of themselves do not
predispose to IBD, they suggest that genetic variation
in the mucosal barrier may recapitulate some of the
microbial shifts that occur in IBD patients. Tsyn
minor allele carriers had opposite shifts in the micro-
biome as IBD patients, who have decreased F. praus-
nitzii and Roseburia and increased Veillonella parvula
and H. parainfluenzae.® This could potentially repre-
sent microbial gardening by this Tsyn variant that
promotes a beneficial ecosystem. It will be of great
interest in future genetic meta-analyses to assess
whether genetic variants affecting mucin O-glycosyla-
tion influence risk for other microbiome-related
diseases such as obesity, diabetes, and metabolic
syndrome.**

Remission and relapse in IBD patients may be
induced by fluctuations in microbial populations that
affect mucosal T cell activity analogous to what we
have observed in Tsyn mice. Microbial perturbations
could arise due to dietary changes, use of antibiotics,
and other lifestyle disruptions such as jet lag.***> Our
results in the Tsyn model provide preclinical evidence
that fluctuations in microbiota may be related to
mucosal immunophenotype and disease activity. This
warrants follow-up translational studies to assess
mucosal immune populations, microbial composition,
and intestinal metabolites in longitudinally followed
IBD patients. Fluctuating microbial populations and
metabolites that skew T cells to a regulatory or inflam-
matory phenotype could be used as biomarkers for
risk of disease flares as well as potential therapeutic
targets.

Materials and methods

Animal experiments

Mice homozygous for floxed T-synthase on the
C57BL/6 background with or without one copy of the
villin-Cre transgene were bred in a specific pathogen



free barrier facility at UCLA. Cre-expressing offspring
(referred to as “T'syn” mice) and Cre-negative litter-
mates (“Control” mice) were co-housed by litter and
sex. Mice were sacrificed at 3, 5, and 9 weeks of age.
Each time point contained 4-6 mice per group. This
research was performed under UCLA ARC protocol
2003-014.

Mucosal-luminal interface (MLI) cohort

The MLI cohort consists of 78 patients with known
Crohn’s disease in clinical remission undergoing colo-
noscopy and 101 healthy controls presenting for
screening  colonoscopy. Informed
obtained prior to colonoscopy. Mucosal washes using
deionized water were obtained from the cecum and
sigmoid colon of subjects as previously described.*®
Lavaged material was then centrifuged at 5000 g for

consent was

15 minutes. The pelleted material was used for 16S
rRNA sequencing. DNA extracted from peripheral
blood was applied to the Immunochip, a custom plat-
form containing nearly 200,000 single nucleotide poly-
morphisms near genes related to immune function
and inflammatory disease.** Two SNPs of interest
were identified and analyzed further: rs10486157,
located on chromosome 7 (hgl9 position 7350683) in
an intergenic region between CIGALT1 and
COL28A1, and rs4825729, located on chromosome X
(hgl9 position 119789954) in an intergenic region
between C1GALT1C1 and CT47.13. This study was
performed under UCLA IRB protocol 11-002093.

Mucosal and luminal microbial collection

The small intestine and colon were dissected from sac-
rificed mice then divided into regions (cecum, proxi-
mal colon, distal colon, ileum). A 0.5 cm fragment of
each was placed in formalin for subsequent paraffin
embedding and hematoxylin/eosin (H&E) staining.
Each region was then cut into 1 cm fragments that
were lavaged repeatedly with 1 mL deionized water.
Lavaged material was spun at maximum speed in a
microcentrifuge for 2 minutes. The supernatant was
collected then frozen at —80°C for metabolomics and
the pellet frozen for future DNA extraction (represent-
ing luminal microbiota). Tissue fragments after lavage
were placed in DMEM + 10% fetal calf serum (D10F)
then cut lengthwise to release residual luminal con-
tent. After removal of visible luminal content, the
intestinal fragments were washed 3 times in DI10F
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then placed in D10F with ImM DTT (D0632, Sigma-
Aldrich) for 40 minutes in an incubator shaker at
37°C. After incubation, tissue fragments were vor-
texed to release epithelial cells and the cell suspension
was passed through a 70 micron cell strainer. The fil-
trate was then centrifuged at 5000 g for 15 minutes to
pellet epithelial cells and mucus. The supernatant was
removed and the cells resuspended in buffer (200 mM
Tris-HCI pH 8.0, 200 mM NaCl, 20 mM EDTA) then
frozen at —80°C for future DNA extraction (repre-
senting mucosal microbiota).

Colonic lamina propria lymphocyte isolation

Colonic tissue was processed as described earlier to
isolate mucosal microbial samples. After vortexing,
DTT treated tissue fragments were minced with a
razor, rinsed with D10F, and incubated in D10F with
0.5 mg/mL collagenase D (11088882001, Sigma-
Aldrich), DNase I (04716728001, Roche), and dispase
(17105041, Gibco) for 40 minutes in an incubator
shaker at 37°C. The digestion media was then passed
through a 70 micron cell strainer. Collected tissue
fragments were mechanically disrupted with a syringe
plunger, then rinsed with DI10F to release cells. The
cell suspension was pelleted, resuspended with 40%
Percoll (GE17-0891, Sigma-Aldrich) in DMEM, then
layered carefully over 80% Percoll. Tubes containing
the Percoll gradients were centrifuged at 2500 rpm in
a Sorvall Legend X1 (Thermo, Waltham, MA) for 30
minutes. The interphase layer was then aspirated
using a transfer pipette, diluted with D10F, spun
down, and resuspended in D10F.

Flow cytometry

Two thirds of the colonic lamina propria cells were
then incubated in a humidified 37°C CO, incubator
for 4 hours in D10F supplemented with leukocyte acti-
vation cocktail (550583, BD) at a concentration of 2
uL per mL media. The restimulated cells and the
remaining one third of the sample that remained
unstimulated were stained with antibodies against
CD3 (15-0031, eBioscience), CD19 (47-0193, eBio-
science), and CD4 (17-0041, eBioscience). T cells
were identified as having a CD34-CD19- phenotype.
The cells then underwent fixation/permeabilization
using a kit (00-5523, eBioscience) followed by intra-
cellular staining with antibodies against IL-17A (12-
7177, eBioscience) and IFNy (53-7311, eBioscience)
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for restimulated cells or FoxP3 (53-4774, eBioscience)
and RORyt (12-6981, eBioscience) for unstimulated
cells. Multicolor flow cytometry data was acquired
using the LSRII (BD, Franklin Lakes, NJ).

Histologic scoring

H&E stained sections from the distal colon were
numerically coded and scored by a single blinded
investigator. The histology score was calculated from
the sum of 4 metrics (total scale 0-12). Mucin deple-
tion: 0 = normal number of goblet cells, 1 = patchy
foci of reduced goblet cells, 2 = widespread loss of
goblet cells. Epithelial reactivity: 0 = normal, 1 = rare
foci of hyperplasia or atypia (< 5% of the epithelial
surface), 2 = moderate epithelial reactivity (5-25%), 3
= widespread reactive changes (> 25%). Inflamma-
tion: 0 = normal, 1 = rare scattered inflammatory
foci without ulceration, 2 = patchy ulceration and
inflammatory foci affecting <25% of the colonic
surface, 3 = ulceration or inflammatory foci affecting
25-50% of the colonic surface, 4 = ulceration or
inflammatory foci affecting >50% of the colonic
surface. Depth of inflammation: 0 = no ulceration or
inflammatory foci, 1 = mucosal, 2 = submucosal, 3 =
muscularis propria or transmural.

16S rRNA gene sequencing

Genomic DNA extraction, amplification of the V4
region of 16S rRNA (rRNA) genes, and single-end
sequencing on an Illumina HiSeq 2000 were per-
formed as described previously.”” The 101 base pair
reads were processed using QIIME v1.7.0 with default
parameters.*® For the 200 mouse samples, the number
of reads per sample ranged from 83,846 to 1,016,824,
with a median of 573,982. For the 357 MLI samples,
the number of reads per sample ranged from 56,334
to 1,034,462, with a median of 601,470. Sequence data
has been submitted to NCBI under BioProject
PRJNA318692. Operational taxonomic units were
picked against the May 2013 version of the Green-
genes database (http://greengenes.secondgenome.com
), pre-filtered at 97% identity. @ and B diversity were
assessed using data rarefied to 165,075 (for analyses
using mouse data), or 126,884 (for MLI analysis)
sequences. Principal coordinates analysis (PCoA) was
performed with distance matrices calculated using
unweighted UniFrac.®® Adonis with 100,000

permutations was used to assess statistical significance
of differences in S diversity.

Ultra-performance liquid chromatography/time of
flight mass spectrometry (UPLC/ToFMS)

The lavage supernatants were diluted 1:5 in 55% ace-
tonitrile/water then centrifuged at 16000 g for 10
minutes to isolate the protein pellet. The supernatants
were transferred to new glass tubes, dried under a gen-
tle stream of N,, and resuspended in 100 uL of water
and 0.1% formic acid (solvent A). The MS analysis
was performed by injecting 2 L aliquots of each sam-
ple into a reverse-phase 50 x 2.1 mm H-class UPLC
Acquity 1.7-uM BEH C18 column coupled to ToFMS.
The mobile phase consisted of solvent A, 100% aceto-
nitrile (solvent B), and isopropanol/acetonitrile (90:10
v:v) with 10 mM ammonium formate (solvent C). The
Xevo G2-S mass spectrometer (Waters Corp, Milford,
MA) was operated in the positive and negative electro-
spray ionization modes scanning a 50-1200 m/z
range. The following 13 minute gradient was used:
95%/5% solvent A/solvent B at 0.45 ml/min for 8
minutes, 2%/98% solvent A/solvent B for 1 minute,
29%/98% solvent B/solvent C for 1.5 minutes, 50%/
50% solvent A/solvent B for 1.5 minutes, and 95%/5%
solvent A/solvent B for the remaining half a minute.
The lock-spray consisted of leucine-enkephalin
(556.2771 [M+H]" and 554.2615 [M-H] ™). The MS
data were acquired in centroid mode and processed
using MassLynx software (Waters Corp) to construct
a data matrix consisting of the retention time, m/z,
and abundance value (via the peak area normalized to
protein concentration) for each ion. A total of 2246
ions in the positive mode and 2733 ions in the nega-
tive mode were detected. PCoA of ion abundance data
was performed with distance matrices calculated using
the square root of the Jensen-Shannon divergence.
Our in-house statistical analysis program was used to
putatively identify ions from m/z values with a mass
error of 20 ppm (ppm) or less, utilizing the Kyoto
Encyclopedia of Genes and Genomes database.

Differential abundance testing

16S sequence data and UPLC-ToFMS metabolomics
data were filtered to remove OTUs and spectral fea-
tures present in less than 10% of samples. The result-
ing filtered data sets were analyzed using the DESeq2
algorithm, which employs an empirical Bayesian
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approach to shrink dispersion.”® Log fold changes
were fitted to a general linear model under a negative
binomial model. Covariates included age, sample loca-
tion, and genotype for Tsyn experiments and sample
site, gender, obesity (obese vs. overweight vs. normal
weight), and genotype for the MLI cohort. P-values
for variables in the linear models (e.g. genotype) were
converted to q-values to correct for multiple hypothe-
sis testing.”’ Q-values below 0.05 were considered
significant.

Network analysis

Spearman correlation coefficients were calculated
between the percentage of CD4+ T cells with the
phenotype of interest (FoxP34+RORyt+ or
RORyt+FoxP3-) and the abundance of Tsyn-associ-
ated OTUs and spectral features. These correlations
were obtained using the residuals of multivariate mod-
els incorporating age, sample location, and genotype.
P-values were computed for Spearman correlation
coefficients based upon the asymptotic t approxima-
tion and were then converted to q-values. OTUs and
metabolites with a g-value less than 0.05 were used as
nodes to construct networks. Edges represented statis-
tically significant Spearman correlation coefficients
between 2 nodes using residuals from multivariate
models. Networks were visualized and annotated in
Cytoscape 3.2.1 (http://cytoscape.org).
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