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Alterations in Diversity of the Oral Microbiome in Pediatric
Inflammatory Bowel Disease

Michael J. Docktor, MD,* Bruce J. Paster, PhD,™* Shelly Abramowicz, DMD, MPH,*! Jay Ingram, BS,*
Yaoyu E. Wang, PhD," Mick Correll, BS," Hongyu Jiang, PhD,** Sean L. Cotton, BS,"
Alexis S. Kokaras, BS," and Athos Bousvaros, MD, MPH*

Background: Oral pathology is a commonly reported extraintestinal manifestation of Crohn’s disease (CD). The host-microbe interaction has
been implicated in the pathogenesis of inflammatory bowel disease (IBD) in genetically susceptible hosts, yet limited information exists about
oral microbes in IBD. We hypothesize that the microbiology of the oral cavity may differ in patients with IBD. Our laboratory has developed a
16S rRNA-based technique known as the Human Oral Microbe Identification Microarray (HOMIM) to study the oral microbiome of children and
young adults with IBD.

Methods: Tongue and buccal mucosal brushings from healthy controls, CD, and ulcerative colitis (UC) patients were analyzed using HOMIM.
Shannon Diversity Index (SDI) and Principal Component Analysis (PCA) were employed to compare population and phylum-level changes
among our study groups.

Results: In all, 114 unique subjects from the Children’s Hospital Boston were enrolled. Tongue samples from patients with CD showed a signif-
icant decrease in overall microbial diversity as compared with the same location in healthy controls (P = 0.015) with significant changes seen in
Fusobacteria (P < 0.0002) and Firmicutes (P = 0.022). Tongue samples from patients with UC did not show a significant change in overall
microbial diversity as compared with healthy controls (P = 0.418).

Conclusions: As detected by HOMIM, we found a significant decrease in overall diversity in the oral microbiome of pediatric CD. Considering
the proposed microbe-host interaction in IBD, the ease of visualization and direct oral mucosal sampling of the oral cavity, further study of the

oral microbiome in IBD is of potential diagnostic and prognostic value.

(Inflamm Bowel Dis 2012;18:935-942)
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lnﬂammatory bowel disease (IBD) is a chronic inflamma-
tory disease of the gastrointestinal tract, likely caused by
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an aberrant immune response to the microbiota and other
environmental factors in genetically susceptible individu-
als." Oral mucosal inflammation is commonly described in
patients with IBD, particularly Crohn’s disease (CD). Oral
pathology has a reported prevalence of 0.5% to 80% in
CD.*® When studied prospectively in children in collabora-
tion with a dentist, 42% of new diagnoses of CD had oral
manifestations.” Symptoms can span from mild and nonspe-
cific inflammation such as minor aphthous lesions, mucogin-
givitis, and angular cheilitis to more specific findings, such
as mucosal tags, cobblestoning, deep linear ulcerations, and
more severe granulomatous swelling isolated to the labia
and face known as orofacial granulomatosis (OFG).3>779
Lesions of the oral mucosa may occur years before the onset
of intestinal symptoms, particularly in the pediatric popula-
tion.® Specific oral mucosal findings are common in children
and in 75%—100% of cases, contain disease-defining, histo-
logic evidence of noncaseating granulomas.>’*

Data from animal models suggests that the micro-
biome is a critical factor in the pathogenesis of IBD in
knockout mice that are at risk for the disease. Preliminary
studies in humans have found differences in the intestinal
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microbial populations of IBD patients when compared with
healthy controls.>'%'? However, such studies have largely
focused on the lower gastrointestinal tract. The oral cavity
provides an easily accessed mucosal surface that may
potentially yield valuable information about the micro-
biome and its interaction with the host. The mouth and its
resident flora is a well-characterized microbiome with
~600 predominant bacterial species, of which about 35%
are unable to be grown in culture."*'* This environment is
unlike any other in the body, made up of diverse ecological
niches including hard surfaces upon which complex bio-
films flourish, anaerobic microclimates, and rapidly shed-
ding mucosal surfaces.

Given the difficulties in studying the oral microbiome
using conventional, culture-based techniques, our labora-
tory has developed a molecular technique using a 16S
rRNA-based microarray technology known as the Human
Oral Microbe Identification Microarray (HOMIM). Previ-
ous investigations in our laboratory and others have impli-
cated distinct changes in the oral microbiome in dental
caries and periodontitis.'*™'> Oral microbial alterations in
systemic diseases have also been identified including ather-
osclerosis, preterm birth, and pancreatic cancer. 32!

In this case—control study, we demonstrate an overall
decrease in the oral bacterial diversity of children with CD
when compared with healthy controls. Furthermore, several
key phyla were significantly reduced when compared with
healthy subjects, as has been identified in studies of the
intestinal microbiome.'!'%?22

PATIENTS AND METHODS
Study Design and Ethical Approval

This exploratory, case—control study was conducted at
Children’s Hospital Boston (Boston, MA), and samples ana-
lyzed at the Forsyth Institute (Cambridge, MA). The protocol
was approved by the Children’s Hospital Committee on Clini-
cal Investigation and Institutional Review Board (IRB
#X09100535). Informed consent was obtained from patients
(over 18 years of age) or parent (under 18 years of age).

Patient Selection

From October 2009 to December 2010, subjects were
recruited from our pediatric gastroenterology practice in a
number of venues including the inpatient wards, ambulatory
clinic, infusion center, and endoscopy suite. Non-IBD,
“healthy” controls were enrolled at oral surgery consultation
visits with our collaborating oral surgeon (S.A.), and patients
without IBD followed in our gastrointestinal (GI) practice.
Subjects were excluded if they had known periodontal disease,
received antibiotics in the preceding month, and/or had used
antiseptic mouthwash or brushed their tongue within 3 hours
of sample collection. A standardized case report form with
common oral pathology was utilized for oral examination.
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Oral pathology was defined as any active swelling, inflamma-
tion, or ulceration of the oral mucosa or lips, ulcers, cobble-
stoning, or other lesions grossly evident. Patients with oral pa-
thology underwent a full oral examination by the oral surgeon
(S.A.). Patients in both our control and study arms had oral
samples collected once at the time of study enrollment. Meta-
data collected at time of sampling included demographics,
medication history including antibiotic, probiotic, and specific
IBD therapies. In addition, family, surgical, and personal his-
tory of oral manifestations, Montreal Classification of disease,
and measures of disease activity including the Pediatric Ulcer-
ative Colitis Activity Index (PUCAI) or Pediatric Crohn’s Dis-
ease Activity Index (PCDAI) were collected.?*8

Sample Collection

Oral samples were collected from study subjects using a
sterile cytology brush (Medical Packaging, Camarillo, CA)
and suspended in 150 uL. of TE Buffer (Epicentre Biotechnol-
ogies, Madison, WI). Samples were immediately frozen at
—80°C until ready for DNA isolation. Samples were collected
from dorsum of the tongue. In most subjects, the buccal
mucosa was also sampled. If an IBD patient had oral pathol-
ogy the area of the oral lesion and the contralateral/unaffected
mucosa was sampled. Similarly, non-IBD control subjects pre-
senting with nonspecific aphthous lesions or other oral pathol-
ogy had sampling of the lesion and the contralateral normal
mucosa. Clinical patient data was collected and stored on an
SPSS (IBM v. 19, Chicago, IL) database.

HOMIM

The HOMIM is a custom-designed, 16S rRNA-based ol-
igonucleotide reverse capture microarray.'> A total of 421
probes, representing roughly 300 of the most predominant oral
bacterial species, are arranged phylogenetically and in repli-
cate on each aldehyde-coated glass slide. HOMIM provides
information on the nine most common bacterial phyla found
in the oral cavity, including: Bacteriodetes, Firmicutes, Pro-
teobacteria, Synergistetes, Fusobacteria, Spirochaetes, Actino-
bacteria, SR-1, and TM-7. Each array has a total of 24 cluster
probes targeting more than two closely related species in addi-
tion to multiple positive and negative controls. The lower limit
of detection is >10* bacterial cells. More information on
HOMIM can be found at http://mim.forsyth.org/homim.html.

DNA Isolation

Samples were incubated at 37°C overnight with 1 uL. of
Ready-Lyse Lysozyme and subsequently incubated at 65°C
for 30 minutes with 150 uL of 2X T and C Lysis Solution
and 1 pL of Proteinase K (Epicentre Biotechnologies). The so-
lution is then placed on ice for 7 minutes and later precipi-
tated with 150 uL. of MPC Protein Precipitation Reagent. The
DNA was precipitated with isopropanol and later washed in
75% ethanol. The DNA-containing pellet was reconstituted in
25 uL TE Buffer.
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TABLE 1. Demographics of Study Population

Control
Cohort

(n=43 subjects)

Ulcerative Colitis
(n=31 subjects)

Crohn’s Disease
(n=40 subjects)

Age (years)

Mean = SD 14 =4

Range 5-24

Male, # (%) 19 (44%)
Subjects with oral pathology 7
Active disease, # (%) N/A
Subjects on immunosuppression, # (%) 0

Montreal criteria, # (%)
Ileal disease (L1)
Colonic disease (L2)
Ileocolonic disease (L3)
Isolated upper tract disease
Ulcerative colitis type, # (%)
Pancolitis (E1)
Left sided colitis (E2)
Proctitis < 15cm (E3)

14 =4 14+5
7-23 4-24
25 (63%) 18 (58%)
6 4
9 (23%) 14 (45%)
30 (75%) 12 (39%)

6 (15%)
10 (25%)
24 (60%)
0
17 (55%)
10 (32%)
4 (13%)

DNA Preparation

The DNA for hybridization was prepared using two
rounds of polymerase chain reaction (PCR). First, a standard
PCR using universal bacterial primers for 16S rRNA gene
amplification was done. Amplicons of the appropriate size
were verified on a 1% agarose gel. Universal 16S rRNA pri-
mers were then used for a second “nested” amplification and
labeling with a Cy3-dCTP fluorescent dye (Amersham, GE
Healthcare, Buckinghamshire, UK).

Blocking and Hybridization

The slides were blocked to remove nonreactive primary
alcohols and unreacted aldehyde groups using a solution of so-
dium borohydride (NaBH,), 1x phosphate-buffered saline
(PBS), and 99% ethanol (EtOH). Labeled PCR products were
added to hybridization buffer (yeast tRNA, 20x SSC, 10%
SDS, and dH,0), heated at 99°C for 5 minutes to denature the
DNA, and then added to the slide. Slides were then incubated
overnight at 55°C.

Postprocessing

Slides were washed with a solution of SSC and 10%
SDS, rinsed with dH,O, spun dry in a centrifuge, and analyzed
using a GenePix 4000B scanner and GenePix Pro 6.0 software
(Molecular Devices, Sunnyvale, CA).

Statistical Analysis

Normalization and statistical analysis for HOMIM array
raw values were developed initially on a training set including
114 samples (Control = 45, CD = 46, UC = 23). The
HOMIM array values were normalized across all arrays by

quantile normalization using Bioconductor in R.*** To deter-
mine oral microbial diversity differences in CD, UC, and con-
trol subjects, we implemented Shannon Diversity Index (SDI);

as such: SDI = — 7% ~log, &, where S is the number of
phylum detectable by the HOMIM system, n; is the sum of
all probe signal in phylum 7, and N is the summation of all
probe signal. We calculated SDI for each individual condi-
tion. The differences in SDI (ASDI) between CD and UC
from control subjects for each phylum were determined.
The significance of ASDI was evaluated by obtaining null
distribution of ASDI through randomizing observed values
for each individual probe across samples from groups of
interest. We performed randomization for 1000 permuta-
tions, and the significance is evaluated by the following

Number of time | ASDInaon>ASDI |
Total number of permuation

formula: P — value = , where i

and j are the two groups of subjects being compared. Prin-
cipal component analysis (PCA) was additionally generated
to evaluate clustering of samples.

RESULTS

Patient Demographics and Normalization

A total of 114 unique subjects (162 samples) were
included in our final analysis (43 control, 40 CD, 31 UC)
(Table 1). Of these samples, there were 111 tongue brush-
ings (43 control, 38 CD, and 30 UC), and 51 buccal mu-
cosa samples (19 control, 18 CD, and 14 UC) (Table 2).
When patients with oral pathology had both affected and
unaffected samples collected, only the affected samples
were used in this analysis to prevent two samples from the
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TABLE 2. Sample Numbers

Crohn’s
Control Disease Ulcerative
(n =43 (n =40 Colitis (n = 31
Sample Location subjects) subjects) subjects)
Tongue samples 43 38 30
(n=111)
Buccal mucosal 19 18 14
samples (n = 51)
Total (n = 162) 62 56 44

same patient potentially confounding our results. Patients
overall ranged in age from 4-27 years with age and gender
breakdowns similar in the control, CD, and UC groups.
Patients did not take antibiotics for a minimum of 1 month
prior to study enrollment. Of the IBD patients, 30 (75%) of
CD patients and 12 (39%) of UC patients were receiving
immunosuppressive agents including: methotrexate, 6-mer-
captopurine, azathioprine, tacrolimus, cyclosporine, thalido-
mide, infliximab, adalimumab, and certolizumab. Our con-
trol group was seen for a variety of GI and non-GI issues
including: oral surgery consultation (n = 25), abdominal
pain (n = 8), recurrent mouth sores (n = 7), irritable bowel
syndrome (IBS) (n = 4), cyclic vomiting syndrome (CVS)
(n = 2), gastroesophageal reflux disease (GERD) (n = 1),
and Behcet disease (BD) (n = 1).

Oral Microbes Differ in Composition and Diversity
Based on the Region of the Mouth Sampled

To begin to determine if differences exist between
health and disease in the microbes of the oral cavity, we
analyzed the oral microbiome at the population level
among our study groups. We employed the SDI, as is com-
monly used in studies of complex microbial environments,
to measure overall oral microbial diversity as well as mi-
crobial population changes between groups (ASDI). To
address the variation among regions of the oral cavity, we
initially compared the dorsum of the tongue to buccal mu-
cosa. The 43 tongue samples from our control patients
were pooled and compared with the 19 buccal samples
from unique subjects (as described above using SDI and
PCA analysis). Levels of Fusobacteria (ASDI = —0.158, P
< 0.0001) and Firmicutes (ASDI = —0.037, P = 0.037)
were significantly reduced in buccal samples as compared
with tongue samples of control patients, whereas Bacteroi-
detes were enriched (ASDI = 0.032, P = 0.030). The SDI
of buccal samples as a whole (SDI = 1.129) showed an
overall trend toward decreased diversity when compared
with tongue samples (SDI = 1.252, ASDI = —0.122, P =
0.067) (Fig. 1la). Therefore, comparing the locations
sampled demonstrated alterations in overall diversity with
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FIGURE 1. (a) SDI of tongue and buccal mucosal samples from con-
trol population demonstrating a trend toward overall decreased di-
versity in control buccal samples as compared with control tongue
samples (ASDI = —0.122, P = 0.067). Significant differences at the
phylum level were seen within this comparison. Fusobacteria (ASDI
= —0.157, P < 0.0002) and Firmicutes (ASDI = —0.038, P = 0.037)
were less abundant in buccal samples, whereas Bacteroidetes were
more abundant (ASDI = 0.033, P = 0.030). (b) PCA of tongue and
buccal mucosal samples from control population. Tongue samples
are represented by blue triangles, buccal samples by red circles.
This type of data compression analysis demonstrates the clustering
of samples based on their location and similar microbial profiles.
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significant changes among several phyla including Fuso-
bacteria, Firmicutes, and Bacteroidetes. Furthermore, PCA
analysis used as a data compression technique to visualize
intersample similarity demonstrated clustering based on
sample location (Fig. 1b).

Overall Oral Microbial Diversity Is Reduced in
Patients with CD, However Not UC

Given the divergence in tongue and buccal mucosal
samples seen in healthy individuals, our comparisons of
healthy and IBD populations were location-specific (i.e.,
we compared tongue samples to tongue samples, and buc-
cal samples to buccal samples). Samples were pooled by
location across cohorts so that tongue and buccal mucosal
brushings could be compared between control, CD, and
UC. Using control tongue samples as the reference value
(SDI = 1.252), we found a significant decrease in overall
diversity of tongue samples in the CD cohort (SDI =
1.108, ASDI = —0.143, P = 0.015). In contrast, microbial
diversity of tongue samples from UC patients was not sig-
nificantly different from that of control subjects (SDI =
1.264, ASDI = 0.012, P = 0.418) (Fig. 2a).

Using the same technique, buccal samples across all
groups were compared using SDI. Subjects with CD
showed a trend toward decreased overall diversity (ASDI
= —0.125, P = 0.091). Similar to findings in UC tongue
samples, the diversity in buccal samples from subjects with
UC was not statistically different from that of control sub-
jects (ASDI = —0.073, P = 0.253) (Fig. 2b).

Reduction in Specific Phyla Results in Alterations
of Diversity in IBD Oral Samples

Subsequent analysis included determination of enrich-
ment or loss at the phylum level accounting for the change
in overall diversity in our control and study cohorts.
Tongue samples in CD showed a significant loss of probe
activity from two particular phyla, Fusobacteria (ASDI =
—0.128, P < 0.0002) and Firmicutes (ASDI = —0.033, P
= 0.022) (Fig. 3a). Changes seen in tongue samples of sub-
jects with UC were more varied in their loss and enrich-
ment of oral bacterial phyla, yielding a composite lack of
significance in overall diversity. However, a statistically
significant loss of probe signal was similarly noted in
Fusobacteria (ASDI = —0.086, P = 0.006), whereas

FIGURE 2. (a) SDI analysis of tongue samples across cohorts. Over-
all diversity of CD was significantly reduced as compared with con-
trol samples (ASDI = —0.143, P = 0.015). In comparison, overall
diversity of tongue samples in UC is not significantly different from
control samples (ASDI = 0.012, P = 0.418). (b) SDI analysis of buc-
cal mucosa samples across cohorts. Overall diversity of CD was
reduced as compared with control samples (ASDI = —0.125, P =
0.091). Overall diversity of buccal samples in UC is similar to con-
trol samples (ASDI = 0.073, P = 0.254).
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FIGURE 3. (a) ASDI of tongue samples from CD and UC patients
using control tongue samples as the reference value. Significant
phyla are denoted with the asterisk. CD Samples were significantly
reduced in Firmicutes (ASDI = —0.033, P = 0.022), Fusobacteria (ASDI
= —0.128, P < 0.0001) and overall diversity (ASDI = —0.143, P =
0.015). Tongue samples from UC patients were overall not signifi-
cantly different from control tongue samples (ASDI = 0.012, P =
0.418). Losses, howeve,r were noted in Fusobacteria (ASDI = —0.086,
P = 0.006), whereas Spirochaetes (ASDI = 0.007, P = 0.006), Synergis-
tetes (ASDI = 0.058, P = 0.009), and Bacteroidetes (ASDI = 0.028, P =
0.030) were all enriched. (b) ASDI of buccal mucosa samples from
CD and UC patients using control buccal samples as the reference
value. No individual phyla were significantly different. Overall diver-
sity in buccal samples across cohorts was not statistically significant;
however, CD trended toward decreased overall diversity.
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Spirochaetes (ASDI = 0.007, P = 0.006), Synergistetes
(ASDI = 0.058, P = 0.009), and Bacteroidetes (ASDI =
0.028, P = 0.030) were all increased as compared with
control tongue samples.

Much like tongue samples in the CD cohort, buccal
samples from CD subjects showed a trend toward reduced
overall diversity (ASDI = —0.125, P = 0.091) as com-
pared with healthy controls. However, there were no signif-
icant changes seen at the phylum level (Fig. 3b). In con-
trast, samples from subjects with UC did not show any
significant changes or trends in overall diversity and at the
phylum level (ASDI = —0.073, P = 0.253).

DISCUSSION

To our knowledge, this is the first investigation of
the oral microbiome as it relates to IBD. Analogous to
studies of the intestinal microbiome in IBD, we demon-
strated a marked decrease in both overall microbial diver-
sity and specific phylum levels in CD. While overall diver-
sity was not significantly altered in UC when compared
with healthy controls, there were detectable and significant
alterations of the oral microbiome within several phyla of
this cohort.

Previous studies by our group using HOMIM have
shown alterations in the oral microbiome of both local and
systemic diseases, suggesting that oral microbial bio-
markers may be present in specific disease states. HOMIM
represents a rapid, inexpensive, and relatively quantifiable
technology in surveying this unique environment in health
and disease. As with other microarray technologies, sample
investigations are limited to the probes that are present and
are therefore subject to detection bias. However, in this
preliminary feasibility study using HOMIM the predomi-
nant oral species represented allowed for discrimination
among oral sampling location and systemic disease from
health.

The aberrant interaction between the microbiome and
immune system appears to be critical in the pathogenesis
of IBD. From experimental models of germfree mice, stud-
ies of fecal diversion, and analysis of antibiotic modifica-
tion of disease, there is an increasing body of evidence that
the host—microbe interaction is critical to the development
of IBD."?3! Furthermore, numerous studies have shown
the increased prevalence of antibody responses to bacterial
and yeast-derived proteins in serologic studies of patients
with IBD.>*7* Interestingly, patients with CD and oral
manifestations have statistically significant higher anti-Sac-
charomyces cerevisiae antibody (ASCA) titers as compared
with individuals without oral findings.*

The oral mucosa is an immunologically active sur-
face with increased cytokine production in children with
CD compared with healthy controls, regardless of the pres-
ence of oral manifestations.*® The oral cavity serves as a
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window into the intestinal tract and arguably offers an op-
portunity to study the complex interaction of the host
immune system and microbiome at its epithelial interface.
The bacteria of the human microbiome exert enormous
metabolic, immunologic, physiologic, and, at times, patho-
logic influence on our health. We have just begun to estab-
lish a “phylogenetic core” of microbiota that is helping to
define health in these complex environments including the
oral microbiome.*”*® Dysbiosis or deviation from this core
has revealed distinct shifts in the enteric microbiota of indi-
viduals with CD and UC.'>***"** Indeed, a lack of diver-
sity appears to be a common finding in IBD microbial
studies, in which the intestinal microbiome in diseased
states appears to lose commensal organisms that typically
characterize health.>***>#° Tt is likely that the myriad
organisms that define a healthy microbiome confer protec-
tive mechanisms to the host; in the absence of this diver-
sity, pathogens can arise and flourish.

Given the localized inflammation of colonic mucosa
in UC in contrast to the transmural, often systemic inflam-
mation found in CD, we theorized that oral microbial alter-
ations would be more likely observed in CD than in UC.
We demonstrated that there is a distinct and significant loss
of diversity in the oral microbiome of CD as compared
with both UC and health. Furthermore, loss of specific
phyla such as Fusobacteria and Firmicutes has been dem-
onstrated in studies of the intestinal microbiome in CD and
is mirrored in our study of the oral microbiome.***"** We
presented evidence to suggest that the oral microbiome is
uniquely altered in patients with IBD, especially in CD.
We have begun to assess the diagnostic accuracy of this
technology in children in whom IBD is suspected. Future
work will evaluate the impact of potential clinical con-
founders such as disease phenotype, immunosuppression,
disease activity, and diet as we expand our statistical and
bioinformatic approach. With the prevalence of oral pathol-
ogy in CD, the ease of visualization, and direct oral muco-
sal sampling, further study of the oral microbiome in IBD
is of potential diagnostic and prognostic value.
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