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Abstract

Background and Aims: Microbiome dysbiosis is associated with inflammatory destruction in Crohn's disease [CD]. Although gut microbiome
dysbiosis is well established in CD, the oral microbiome is comparatively under-studied. This study aims to characterize the oral microbiome of
CD patients with/without oral manifestations.

Methods: Patients with CD were recruited with age-, gender- and race-matched controls. Potential confounders such as dental caries and peri-
odontal condition were recorded. The oral microbiome was collected using saliva samples. Microbial DNA was extracted and sequenced using
shotgun sequencing. Metagenomic taxonomic and functional profiles were generated and analysed.

Results: The study recruited 41 patients with CD and 24 healthy controls. Within the CD subjects, 39.0% had oral manifestations with the ma-
jority presenting with cobblestoning and/or oral ulcers. Principal coordinate analysis demonstrated distinct oral microbiome profiles between
subjects with and without CD, with four key variables responsible for overall oral microbiome variance: [1] diagnosis of CD, [2] concomitant use
of steroids, [3] concomitant use of azathioprine and 4] presence of oral ulcers. Thirty-two significant differentially abundant microbial species
were identified, with the majority associated with the diagnosis of CD. A predictive model based on differences in the oral microbiome found
that the oral microbiome has strong discriminatory function to distinguish subjects with and without CD [AUROC 0.84]. Functional analysis
found that an increased representation of microbial enzymes [n = 5] in the butyrate pathway was positively associated with the presence of
oral ulcers.

Conclusions: The oral microbiome can aid in the diagnosis of CD and its composition was associated with oral manifestations.
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1. Introduction expand in the IBD intestines through a sequential multi-stage
approach’: [1] enhanced abundance and virulence of oral
disease-associated bacteria with a corresponding reduction
in intestinal colonization resistance, [2] translocation of oral
bacteria to the intestines, and [3] colonization of the intestines
by these oral disease-associated bacteria and exacerbation of
disease in IBD. The notion that IBD can be driven by oral bac-
teria is consistent with reports that IBD patients have increased
proportions of active periodontal disease,!? as well as common
inflammasome-mediated inflammation pathways implicated in
both periodontitis and IBD.!

While CD can affect any segment of the gastrointestinal
tract, from the anus to the lips,'? extraintestinal manifestations
can occur and frequently involve joints, skin, eyes and the
oral mucosa. Oral manifestations such as oral aphthous ul-
cers are frequently associated with active disease and improve
with the resolution of intestinal inflammation."> Although
oral manifestations can occur in both forms of IBD, it is more
common in CD, with almost 50% of subjects reporting oral

Crohn’s disease [CD] is an inflammatory bowel disease [IBD]
characterized by chronic inflammation of any part of the
gastrointestinal tract. The cause of CD is unclear, with the key
factors implicated in its pathogenesis including host genetics,
immune dysregulation and gut microbiota alterations.! CD
has been strongly associated with an overall drop in micro-
biota species richness,>* whereby paediatric CD patients were
found to have increased abundances of Enterobacteriaceae,
Pasteurellacaea, Veillonellaceae and Fusobacteriaceae.’
Recently, metagenomic and metatranscriptomic studies on
the gut microbiome have provided detailed information on this
dysbiosis and proposed new treatment modalities.® Perhaps
unexpectedly, an abundance of oral microbes was found in the
gut microbiome of IBD patients.” Together with ectopic colon-
ization of oral microbes, a recent study finding oral microbes
of similar strains in the gut and oral microbiome of active CD
patients,® this suggests a pathogenic role for oral microbes.
It has thus been postulated that in IBD, oral-disease bacteria
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manifestations." Oral manifestations in CD can present as
mucogingivitis, mucosal tags, deep ulceration, cobblestoning
and lip swelling. They tend to be under-reported and typically
to occur more often in paediatric patients.'> Sometimes, it can
even be the first presenting sign in new cases of CD.!® Despite
the apparent association between oral-associated microbiota
and IBD, data regarding oral-associated microbiota in CD
is limited. Furthermore, previous studies profiling the oral
microbiome in CD cohorts did not account for oral mani-
festations, such as aphthous ulcers,'> mucogingivitis, mucosal
tags, deep ulceration, cobblestoning and lip swelling, all of
which are common in CD,'"*!S and may have confounding ef-
fects on the composition of the oral microbiome.

Further obfuscating the role of the oral microbiome in CD
is the issue of different sampling sites in the literature, such
as the tongue,"” plaque,'® biopsies!” and saliva.?*-?> Of the
limited literature on the oral microbiome in CD, the saliva
microbiome was most commonly examined and likely to have
the greatest impact on the progression of CD.” In those studies,
Said et al. found an increased prevalence of Prevotella and
Veillonella, but decreased Streptococcus and Haemophilus, in
CD patients,? while Xun et al. similarly found an increased
prevalence of Veillonella coupled with decreased Prevotella,
Neisseria and Haemophilus.*' Furthermore, when comparing
the salivary CD patients in remission to active CD, Zhang
et al. found reduced Neisseria, Haemophilus, Fusobacterium
and Porphyromonas in active CD.?? Although the exact char-
acterization differed between the studies, they all found that
oral microbiome dysbiosis occurs in CD. As a diagnostic tool,
the oral microbiome shows great promise as saliva samples
are non-invasive unlike colonoscopy, and are easy to collect
at any time unlike faecal samples. However, the lack of a com-
prehensive characterization, taking into account conditions
that can affect the oral microbiome such as dental caries, peri-
odontitis and oral manifestations,? limits the usefulness of
oral microbiome diagnostics in CD.

In this study, all participants underwent oral examin-
ation by a board-certified dentist, prior to oral microbiome
sampling. Additionally, potential confounders such as the
presence of dental diseases and oral manifestations were
considered in the characterization. This study character-
ized the oral microbiome of CD patients, with and without
oral manifestations, compared to healthy controls with the
aim to identify the association between compositional and
functional alterations in the oral manifestation of CD using
shotgun metagenomics sequencing in a mixed population
consisting of Han Chinese, Malay, Indian and Caucasian
subjects.

2. Materials and Methods

2.1. Clinical cohort

This cross-sectional study enrolled patients at the National
University Hospital [NUH], Singapore, between May 2017
and January 2019. Eligible patients needed to be 21 years of
age or older, and to either have an established diagnosis or ex-
clusion of CD. Patients currently on antibiotics or with recent
exposure to probiotics/antibiotics within a month, or with
significant comorbidities such as active cancer were excluded.
Patients with CD [with and without oral manifestations] were
recruited from the IBD subspeciality clinic under the Division
of Gastroenterology, NUH. Non-CD healthy controls were
age, race and gender matched with CD subjects without

1629

oral manifestations and recruited from the Dental Center,
NUH University Dental Cluster. They were also screened
prior to enrolment and required to have no known gastro-
intestinal signs and symptoms such as diarrhoea, abdominal
pain and blood in the stool, as well as no known concomi-
tant systematic diseases. Upon providing informed consent,
patients completed detailed questionnaires, which collected
information on demographics, history of tobacco use, other
comorbidities, current medications, as well as self-reported
gastrointestinal symptoms such as diarrhoea, abdominal pain
and blood in the stool. Patients with CD had their disease
activity scored according to the Crohn’s Disease activity
index [CDAI].>* All experiments were performed in accord-
ance with all relevant regulations and guidelines. The study
received ethics approval from the institutional review boards
of the National Healthcare Group, Singapore [DSRB refer-
ence E/2016/01285].

2.2. Assessment of oral condition

All subjects underwent an oral examination by a single den-
tist [S.H.] conducted under artificial light. Dental conditions
known to affect the oral microbiome such as oral hygiene,
caries and periodontal disease were recorded. Additionally,
the presence and type of oral manifestations such as
mucogingivitis, mucosal tags, deep ulceration, cobblestoning
and lip swelling were recorded during the examination of CD
patients. This was supplemented by eliciting any history of
oral manifestations.

2.3. Microbiome sample collection

The oral microbiome was sampled through participants
self-collection of saliva. Participants were instructed in
person, and supplemented with visual aids such as videos
and hand-out pamphlets, on how to collect their own
saliva specimens. Participants were explicitly instructed to
refrain from eating [including chewing gum and sweets],
smoking or dental procedures [including toothbrushing
and mouthwash use] for 1 h before saliva collection. Saliva
was collected using the OMNIgene Discover Kit 505 [DNA
Genotek], according to the manufacturer’s instructions. All
specimens were collected on the day of examination. The
saliva samples were stored at room temperature as per the
manufacturer’s recommendation and sent for DNA extrac-
tion within 4 weeks of collection.

2.4. Microbiome profiling

DNA was extracted from saliva samples after mechanical
lysis via bead-beating, using Exgene Clinic SV Mini kits
[GeneAll Biotechnology] according to the manufacturer’s in-
structions. Extracted DNA was purified using AMPure XP
beads [Beckman Coulter]. The quantity and quality of DNA
were examined using a NanoDrop 8000 Spectrophotometer
[Thermo Fisher Scientific]. Extracted DNA samples were
stored at -80°C and sent for library preparation within
6 weeks of extraction. Indexed sequencing libraries were pre-
pared using a QIAGEN QIAseq FX DNA Library Kit [Qiagen]
following the manufacturer’s instructions and sequenced as
2 x 151 bp paired-end reads on an Illumina HiSeq 4000 se-
quencer [[llumina]. On average, 16.6 = 12.1 million raw read
pairs were obtained, with 14.1 = 10.5 million obtained after
quality control for each sample. The average host reads were
11.6 = 9.9 million, and after decontamination 2.1 + 3.2 mil-
lion microbial read pairs were present.



1630

Metagenomic taxonomic and functional profiles were
generated using the bioBakery meta’omics workflow?5?¢ in
the Terra workspace. Briefly, reads mapping to the human
genome were first filtered out using KneadData. Taxonomic
profiles of shotgun metagenomes were generated using
MetaPhlan3, which uses a library of clade-specific markers
to provide pan-microbial profiling. Functional profiling
was performed by HUMAnN3, whereby HUMAnNS3
constructs a sample-specific reference database from the
pangenomes of the subset of species detected in the sam-
ples by MetaPhlAn3 [pangenomes are precomputed repre-
sentatives of the open reading frames of a given species].
Sample reads are mapped against this database to quan-
tify gene presence and abundance on a per-species basis. A
translated search is then performed against a UniRef-based
protein sequence catalogue [UniRef release 2020] for all
reads that fail to map at the nucleotide level. The results
are abundance profiles of gene families [UniRef90s], for
both metagenomics, stratified by each species contributing
to those genres, and further summarized to higher level
gene groups such as Enzyme Commission (EC), KEGG
Orthology (KO) or metaCYC pathways.

For subsequent analysis, read counts were transformed into
relative abundances by normalization to the total number of
reads per sample. Low-abundance filters were applied to dis-
card taxonomic and functional features whose relative abun-
dance did not reach 0.1% and 0.001 % respectively, in at least
10% of the individuals.

2.5. Statistical analysis

Alpha diversity [richness and Shannon diversity] was cal-
culated for taxonomic profiles at the species level, using the
Vegan package in R.?” Linear models were used to identify
putative differential abundance analysis of metagenomic
features, with fitting performed with the MaAsLin2 package
in R,;?® with nominal p-values adjusted for multiple hy-
pothesis testing with a target false discovery rate (FDR) of
0.2. In brief, metagenomic features were log transformed
to variance-stabilize the data. Zero values were additively
smoothed by half of the minimal abundance for each feature
and then fitted with the following per-feature linear mixed-
effect model:

Feature ~ Read count + Activity + Duration + Azathioprine
+Steroids + CD/Oral _lesions

In each per-feature multivariable model, the transformed
abundance of each feature was modelled as a function of oral
lesions nested within binary variables [with no lesions as the
reference] with the presence or absence of CD, while adjusting
for activity [no IBD activity as reference], duration of disease
[continuous variable], sequencing depth [continuous vari-
able], and concomitant steroid and azathioprine use [both
binary covariates].

To construct a prediction model for CD diagnosis using
saliva samples, relative abundances of microbial species
were first converted to log, relative abundances, then
z-normalized, before passing through a random forest [RF]
classifier to distinguish subjects with and without CD. The
performance of the RF classifier was evaluated using five-
fold cross validation and generation of a summary receiver
operating characteristic (ROC) curve with 95% confidence
interval for the classifier result. The five-fold testing model
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was then combined with a model build of 2000 trees and
mtry grid search of 1-150 variables using the R package
Caret.”

2.6. Data availability

Whole-genome sequencing data that support the findings of
this study are available in the European Nucleotide Archive
with the primary accession code PRJEB39813.

3. Results
3.1 Study population

The study recruited a total of 65 subjects, with a mean age of
39.5 [range: 21-67] years [Table 1]. One-third of the study
population [n = 24, 36.9%] were non-CD healthy controls
[Figure 1la]. Amongst the 41 subjects with CD, two-fifths
had oral manifestations [n = 16, 39.0%], of whom patients
had either oral ulcers [ = 7, 44.4%], cobblestoning [n = 7,
44.4%] or both [n = 2]. Other reported oral lesions included
mucogingivitis [z = 4], mucosal tags [# = 2] and lip swelling
[# = 1]. Subjects with CD were similar to controls in demo-
graphic covariates including age, gender and smoking history.
However, subjects with oral lesions were more likely to be
male [81.2% vs 44.0%, p < 0.05] and have the concomitant
usage of azathioprine [81.2% vs 48.0%, p = 0.07]. Of note,
subjects with cobblestoning had much lower CDAI scores
[mean 65.2 vs 16.8, p = 0.03, Figure 1b], which was con-
sistent with a lower proportion of clinically active disease
[43.8% vs 11.1%, Figure 1c]. Subjects with oral ulcers re-
ported no significant differences in CDAI and clinical activity,
although subjects with oral ulcers were found to have had CD
for much longer periods of time [12.3 vs 7.9 years, p = 0.04,
Figure 1d].

3.2. Oral microbiome dysbiosis occurs in CD and
variance is determined by four key variables

Major variations in the subjects’ taxonomic profiles were
driven by gradients of Bacteroidota [Bacteroidetes] and
Bacillota [Firmicutes] relative abundances across the co-
hort [Supplementary Figure 1], which corresponded signifi-
cantly to a history of CD. Patients with CD were found
to have increased saliva microbial species of the phyla
Actinomycetota [Actinobacteria] and Pseudomonadota
[Proteobacteria], but no significant differences in the total
abundance of microbial species of the phyla Bacillota
[Firmicutes] and Bacteroidota [Bacteroidetes], with a cor-
responding borderline increase in the ratio of Bacillota
[Firmicutes] to Bacteroidota [Bacteroidetes], though not
statistically significant [p = 0.44] [Supplementary Figure
2]. Unsupervised principal coordinate analysis [PCoA]
conducted on Bray—Curtis dissimilarity matrices [Figure
2a] demonstrated distinct oral microbiome profiles be-
tween subjects with and without CD. Subjects with CD had
significantly lower PCoA2 [p < 0.04, Figure 2b], whereby
PCoA1 and PCoA2 represented 17.7% and 13.4%, re-
spectively, of the overall microbiome variance.

To further identify significant associations between overall
oral microbiome structure with host demographics, CD
clinical variables and oral hygiene, a permutational multi-
variate analysis of variance (PERMANOVA)-based testing
utilizing Bray—Curtis dissimilarity profiles found four key
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Table 1. Demographics, and clinical and oral conditions of subjects [n = 65]
Crohn’s disease, oral Crohn’s disease, oral Healthy controls p-value
manifestation absent manifestation present [HC], n =24
[CDAJ, 7 = 25 [CDP], = 16
Demographics
Mean age, years [SD] 39.1[14.4] 38.6 [12.0] 40.2 [1] 0.84
Ethnicity, 7 [%]
Chinese 12 [48.0] 10 [62.5] 12 [50.0] 0.948
Malay 3[12.0] 2[12.5] 3[12.5]
Indian 9 [36.0] 3[18.8] 9 [37.5]
Caucasian 1[4.0] 116.2] 010.0]
Sex, n [%)]
Male 11 [41.7] 13 [81.2] 10 [41.7] 0.028*
Female 14 [58.3] 3[18.8] 14 [58.3]
Smoking, 7 [%]
Non-smoker 20 [83.3] 13 [81.2] 20 [80.0] 0.913
Previous/current smoker 5[16.7] 3[18.8] 4[20.0]
Crohn’s disease condition
Duration [SD] 7.9[5.5] 10.4 [6.2] 0.181
Crohn’s disease activity index [SD] 61.5[58.4] 43.8 [62.1] 0.361
Activity 10 [40.0] 5131.2] 0.814
C-reactive protein level [CRP] [mg/L], mean [SD] 8.8 [17.5] 6.9 [10.6] 0.713
Location, 7 [ %] 0.952
L1 2[8.0] 116.2]
12 7[28.0] 5131.2]
L3 14 [56.0] 8 [50.0]
L4 28.0] 2[12.5]
Behaviour, 7 [%] 0.890
B1 13 [52.0] 91(56.2]
B2 1[4.0] 116.2]
B3 11 [44.0] 6[37.5]
Perianal involvement, 7 [ % | 0.898
No 17 [68.0] 12 [75.0]
Yes 8 [32.0] 4125.0]
Age of CD onset, 72 [%] 0.467
Al 3[12.0] 116.2]
A2 14 [56.0] 12 [75.0]
A3 8 [32.0] 3[18.8]
Medication®,  [%)]
Steroids/anti-inflammatory [mesalazine] 5120.0] 3[18.8] 0.453
Azathioprine 12 [48.0] 13 [81.2] 0.072
Biologics 10 [40.0] 10 [62.5] 0.278
Others [tacrolimus, sulphasalazine] 2[8.0] 2[12.5] 0.224
Dental condition, 7
Presence of decayed teeth [%] 22 [88.0] 12 [75.0] 18 [75.0] 0.444
DMFT: severity of decayed teeth [SD] 6.17.0] 3.8 [3.9] 4.7 [5.3] 0.427
Periodontal condition: presence of periodontitis [%] 5120.8] 4[25.0] 5120.8] 0.925
Type of oral manifestation®, 7 [%]
Cobblestoning 8 [50.0]
Lip swelling 1[6.5]
Mucogingivitis 4125.0]
Mucosal Tags 3[18.8]
Ulcers 10 [62.5]
p <0.0S.

fSome subjects were on multiple drug regimens.
*Some subjects had multiple types of oral manifestations.
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Figure 1. Crohn’s disease profile and its relationship with oral manifestations. [a] Distribution of subjects based on presence of IBD [Crohn's disease]
and oral manifestations. [b] Crohn’s disease activity index [CDAI] scores of CD subjects with and without oral cobblestoning. [c] Disease activity of CD
subjects with and without oral cobblestoning. [d] Duration of disease of CD subjects with and without oral ulcers.
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Figure 2. Crohn's disease is a major determinant of oral microbiome structure. [a] Unsupervised principal coordinate analysis [PCoA] conducted
on Bray—Curtis dissimilarity matrices demonstrating distinct oral microbiome profiles between subjects with and without CD. [b] PCoA2 score is
significantly [p < 0.05] different between subjects with and without CD. [c] PERMANOVA analysis showing four key variables [**p < 0.1, ***p < 0.05]

explaining overall oral microbiome community variance.

variables: [1] diagnosis of CD, [2] concomitant use of ster-
oids, [3] concomitant use of azathioprine and [4] presence of
oral ulcers. These variables explained 6.1, 4.0, 3.5 and 2.5%
of the overall oral microbiome community variance [Figure

2¢]. Dental conditions such as the presence of periodontitis
and dental caries accounted for up to 3% of the variation in
overall salivary microbiome composition, though this was not
statistically significant [p > 0.05].
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There were no differences in alpha diversity found among
the groups [Supplementary Figure 3].

3.3. Differences in oral microbiome composition at
the species level

When examining the taxonomic proportion of the three main
study groups [healthy controls, CD with oral lesions, CD without
oral lesions], significant differences were found between subjects
with and without CD as well as amongst CD subjects with and
without oral lesions [Supplementary Figure 4].

Next, the specific taxonomic signatures were explored
at the species level, associated with either of the two pre-
dominant oral manifestations [i.e. cobblestoning, oral
ulcers]. This was conducted using multivariable linear
models, while correcting for the concomitant use of ster-
oids or azathioprine, and nesting for the diagnosis of CD.
A total of 32 significant differentially abundant microbial
species were identified, of which the majority were associ-
ated with the diagnosis of CD [n = 14] or the concomitant
use of steroids [# = 16] [Figure 3]. Four microbial spe-
cies each were found associated with either cobblestoning
[Roseburia intestinalis, Bacteroides vulgatus, Clostridium
asparagiforme and Bacteriodes dorei] or oral ulcers
[Turicimonas muris, Anaerostipes hadrus, Clostridium
bolteae and Roseburia inulinivorans).

3.4. Functional differences of the oral microbiome
in CD subjects with oral ulcers

To understand the functional differences due to microbial
composition differences in CD subjects with oral manifest-
ations, a differential abundance analysis of the gene families
in the metagenome was conducted. The relative abundances
were summed according to their EC annotations, using the
same linear modelling approach described above. A total of
676 differentially abundant microbial enzymes were identi-
fied, of which the majority were associated with the diagnosis
of CD [n = 455], concomitant use of steroids [# = 111] and
presence of oral ulcers [#7 = 105] [Supplementary Table S1].
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Focusing on oral ulcers, the majority of these differently abun-
dant enzymes were associated with microbial metabolism in a
diverse environment [z = 25], involved in biosynthesis of sec-
ondary metabolism [7 = 16] and metabolism of amino acids
such as phenylalanine [7 = 6], valine, leucine and isoleucine
[7 = 4], when binned to their higher Kyoto Encyclopedia of
Genes Genomes modules. Of interest, an increase of microbial
enzymes [n = 5] associated with butyrate metabolism [Figure
4] was found to be positively associated with the presence
of oral ulcers. Specifically, the acetyl-CoA-based pathway for
butyrate production was found to be enriched.

3.5 Oral [salivary] microbes can aid in the
diagnosis of CD

Several studies have explored the potential for diagnosing
IBD based on microbial composition, using stool*® or intes-
tinal mucosal samples.’ The current study evaluated how
microbiome composition in the oral cavity through collection
of saliva performs for classifying subjects with and without
CD using ROC analysis. Using a five-fold cross validation RF
classifier, we found that the oral microbiome has strong dis-
criminatory function [accuracy: 74%] to distinguish subjects
with and without CD [AUROC 0.84, Figure 5a]. The top con-
tributory microbial species [Figure 5b and ¢] mirrored the
prominent differentially abundant stool microbial species as-
sociated with IBD.

4. Discussion

The present study found that the salivary oral microbiome
can be used in a predictive model for the presence of CD with
an accuracy over 70%. This opens up the possibility of using
a diagnostic test that is non-invasive and easy to conduct,
compared to the traditional investigations in CD such as col-
onoscopy, which is invasive and exposes the patient to the
risks of sedation; or compared to stool tests, which can be an
uncomfortable prospect for patients to provide.’! Although
much work had been done in using the microbiome as a diag-
nostic and prognostic tool in IBD, most of it has been focused
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metabolism pathway with enzymes [highlighted red] associated with the presence of oral ulcers.
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Figure 5. Model of the oral microbiome predicting the presence of CD. [a] Receiver operating characteristic [ROC] analysis [AUROC: 0.84]. [b]
Differentially abundant oral microbial species selected for the model. [c] Relative abundance of oral microbial species in the model.

on the gut microbiome.*? A recent study examined the use of
the gut microbiome as a diagnostic tool for CD and reported
an overall sensitivity of 80% for the detection of CD,? while
a study using 16S rRNA gene sequencing was able to differ-
entiate IBD subjects from healthy controls at over 70% using
the salivary oral microbiome.** These were comparable to the
present study, with the present study having the advantage of
characterizing saliva samples with the use of whole genome
sequencing over 16S sequencing.

This study also found that key factors contributing to the
oral microbiome dysbiosis in CD were related to underlying
CD, with local oral diseases such as periodontitis and
dental caries having smaller contributions. As such, the oral
microbiome profiled using saliva samples may aid in the diag-
nosis of CD with minimal interference from concurrent oral
diseases. Differentially abundant oral microbes in CD were
predominantly the same stool species associated with IBD [i.e.
increased abundances of Ruminococcus gnavus, decreased
abundance of Faecalibacterium prausnitzii].** Surprisingly,
there were very few oral commensals that were part of
the predictive model, which could be the result of the oral

microbiome dysbiosis present in CD subjects. This was not
the case when other types of oral samples were collected, as
illustrated by plaque microbiome dysbiosis detected in peri-
odontitis** and dental caries.’® The other two key factors
could be related to the severity of disease as the use of steroids
and azathioprine are typically reserved for the management
of more severe disease.’’” The microbial species associated
with concomitant steroid usage largely overlap with the sig-
nificant microbial species associated with CD. This suggests
that the use of steroids can further tip the oral microbiome
community of CD subjects towards a dysbiotic state, similar
to previous findings by Gevers and colleagues who reported
a similar phenomenon seen with antibiotic treatment in CD
subjects.” However, this finding should be interpreted with
caution, as are many steroid-associated confounders.
Additionally, this was the first study to profile the oral
microbiome in association with the oral manifestations of CD.
It was found that the presence of oral ulcers was a key factor
in the composition of the oral microbiome. There are existing
studies linking the gut microbiome composition to the ac-
tivity of CD?® as well as predicting the severity of intestinal
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inflammation in IBD,* potentially allowing its use as a prog-
nostic tool in the management of CD. This study found that
some oral manifestations were associated with disease ac-
tivity [cobblestoning] and duration of CD [oral ulcers]. Four
species were identified to be associated with cobblestoning
and another group of four species were associated with oral
ulcers in the present study. Although currently insufficient to
provide an accurate model, it provides a starting point for
future studies to explore the use of the oral microbiome as a
prognostic test in CD.

Around 40% of the CD subjects presented with oral mani-
festations, which was similar to previous studies.'* Previous
research in murine models had shown that the disease only
manifests in susceptible genotypes and is driven by microbial
dysbiosis.* The entire gastrointestinal tract, including the oral
cavity, can be involved in CD, and inflammatory lesions were
postulated to be caused by impaired interactions between the
commensal microbiome with the human host. The present
study showed that oral microbiome dysbiosis was associated
with oral manifestations, such as cobblestoning and oral ul-
cers, found in CD subjects. There have been attempts to alter
the microbiome using targeted antimicrobial approaches such
as the use of antibiotics, prebiotics and probiotics*'; however,
their use in CD has so far been hampered by the failure to de-
fine a core gut microbiome, as well as difficulty in delivering
therapeutics to the gut.*> The oral cavity is much more ac-
cessible than the rest of the alimentary canal and can be a
useful model for the development of new treatment targeting
microbiome dysbiosis.

Additionally, differences in the functional pathways ap-
pear to support the hypothesis of oral microbiome dysbiosis
resulting in the development of oral manifestations in CD
subjects. Of the four known substrate pathways of butyrate
production, the acetyl-CoA pathway was found to be en-
riched in the present study. This pathway is associated with
the fermentation of polysaccharides from the diet,® a po-
tential factor in the enrichment of butyrate in these subjects.
There are many butyrogenic bacteria in the oral microbiome,
and there was evidence to suggest that butyrate generated by
periodontal pathogens during metabolism plays a consider-
able role in the initiation and progression of periodontitis.**
Butyrate was found to increase inflammation in periodontal
tissues and causes reactivation of latent viruses, such that the
increase of butyrate can be a factor in the development of oral
manifestations in CD. This was further substantiated by the
finding of an increased abundance of A. hadrus in subjects
with oral ulcers, a major butyrate producer usually found in
the gut.* On the other hand, the protective mechanisms of
butyrate in IBD have been well documented in the colon, from
decreasing inflammation to increasing mucus production.*
Therapies centred around butyrate have been developed, such
as supplementation of butyrate-producing bacteria in the gut
microbiome*” and the use of oral butyrate to manage symp-
toms.*® This suggests that the mechanism of inflammatory de-
struction may differ between the oral and gut environment.

One of the limitations of this study is the reliance on clin-
ical examination to determine the presence of oral manifest-
ations, which may result in missing some subjects due to the
cyclical nature of CD. Moreover, a clinical index [CDAI] was
used to measure current disease activity, which may have
issues with accuracy. Future studies should consider the
use of more objective measures such as faecal calprotectin
levels and endoscopic assessment to measure current disease
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activity. Additionally, the relatively small sample size and
cross-sectional nature of the study may limit its statistical
power. Lastly, diet differences have been known to affect
the composition of the oral microbiome®; this was not ex-
plored in the present study and should be considered in fu-
ture studies. Despite the study limitations, there were several
important and novel findings. First, a predictive model for
the presence of CD had comparable accuracy to models util-
izing the gut microbiome, therefore providing the possibility
of using saliva as a diagnostic tool. Second, groups of salivary
microbes were found to be associated with the development
of oral manifestations in CD. Lastly, it highlighted the im-
portance of the butyrate pathway in the oral manifestation in
CD. These findings demonstrated the importance of the oral
microbiome in CD and the opportunity for it to be used in the
diagnosis and management of CD.
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