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Abstract

influence of body site.

Objective: To analyze the composition of the oral microbiome in children and
adolescents with chronic nonbacterial osteomyelitis (CNO) with respect to age
distribution, gender differences, effects of medication, disease activity and the

Methods: The oral microbiome of 20 patients (12 male and 8 female; median age
10.3 years) and 36 controls were examined. Two different sites of the oral cavity were
swabbed at two time points. Current medication and disease activity were evaluated
and registered at these time points. Samples were subjected to amplicon sequencing
of the V4 region of the 165 rRNA gene and Qiime2 was used to calculate alpha and beta
diversity for multiple alternative metrics.

Results: On the basis of relative abundances of 975 different suboperational taxonomic
units in high throughput next generation sequencing, a significant shift in the
composition of the oral microbiome (p < 0.02) was observed among patients being
treated with different medications. There was a significant difference in bacterial
communities between the group aged 3-8 years old and the group aged 9-14 years
old. Significant differences were also seen in bacterial colonization on different sites in
the oral cavity, but not with respect to gender or disease activity.

Conclusion: We present first data of a pilot study of the oral microbiome in children
and adolescents with CNO, a rare autoinflammatory bone disease. Differences of the
oral microbiome of diseased children to normal adult controls revealed a possible role

ScanQRcode &read article online

Keywords

Microbiome - Children - CNO - Autoinflammation

of the oral microbiome as modulatory target or biomarker in CNO.

Background

Chronic nonbacterial osteomyelitis (CNO),
also known as chronic recurrent multifocal
osteomyelitis (CRMO), is a disease spec-
trum encompassing a state of monofocal
or multifocal autoinflammatory bone le-
sions, primarily affecting children and ado-
lescents with an age peak between 7 and
12 years [1]. A classical hallmark of the
disease is pain due to inflammation of the

bone or bone marrow, including verte-
brae, often affecting the clavicle and the
metaphysesand epiphyses of the humerus,
femur and tibia [2, 3]. To a certain extent,
CNO can be associated with other inflam-
matory organ manifestations, such as in-
flammatory bowel disease, palmoplantar
pustulosis, acne conglobata and psoriasis
[4, 5].

The CNO is regarded as an autoinflam-
matory disorder in which the innate im-
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mune system is etiopathogenetically in-
volved, leading to a sterile bone inflam-
mation without the presence of autoanti-
bodies or autoreactive T-cells [6].

In 2014, an interplay between micro-
bial agents and bone erosions in an estab-
lished CNO mouse model was discussed. In
this mouse model, mice spontaneously de-
velop osteomyelitis resembling CNO (Pst-
pip2 ™ mice). A high-fat diet was admin-
istered to reduce intestinal Prevotella lev-
els in these mice, which was then found to
significantly reduce pro-IL-1-beta expres-
sion in distant neutrophils. For the first
time, diet-associated changes of the mi-
crobiome were found to be responsible for
regulation of inflammation in an animal
model of CNO [7].

Taking these murine findings as a basis,
inthis study we examined the microbiomes
of a cohort of 20 patients with different
subtypes of CNO. The study provides initial
research on the possible role of the oral
microbiome in CNO patients with respect
to gender, age, disease activity and the
impact of medication.

Abkiirzungen

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CNO Chronic non-bacterial osteomyelitis

oG Clusters of orthologous groups

cox Cyclooxygenase

CRMO Chronic recurrent multifocal
osteomyelitis

CRP C-reactive protein

DMARD  Disease-modifying antirheumatic
drug

DNA Deoxyribonucleic acid

ESR Erythrocyte sedimentation rate

FDR False discovery rate

IL-6 Interleukin 6

JIA Juvenile idiopathic arthritis

MRI Magnetic resonance imaging

NCBI National Center for Biotechnology
Information

NSAID Nonsteroidal anti-inflammatory
drug

oTu Operational taxonomic unit

PICRUST  Phylogenetic investigation of

communities by reconstruction of
unobserved states

PCR Polymerase chain reaction

Qiime Quantitative insights into microbial
ecology

165r-RNA 16 Svedberg ribosomal ribonucleic
acid

TNF-a Tumor necrosis factor alpha

VAS Visual analogue scale
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Methods

Patient cohort

Patients were recruited from the Pediatric
Rheumatology Outpatient Department of
the University Hospital Duesseldorf, Ger-
many between May 2017 and February
2018. With the formal consent of guardians
and patients, oral swabs were obtained
from 20 patients with a pre-established
diagnosis of CNO. For further patient
characteristics see @ Table 1. In addition,
a healthy adult control group consisting
of 20 female and 16 male subjects was
examined.

The swab was obtained in a standard-
ized manner following atleast 30 min with-
out food/beverage consumption and af-
ter clearing the oral cavity with water.
Swabs were obtained with Rovers Orgenex
Brush RT (Rovers Medical Devices, Oss, The
Netherlands) from the center of the tongue
and subsequently with a second brush
from the left side of the tongue.

The timing of the swab acquisition was
random and independent of disease ac-
tivity. A second swab was obtained from
13 patients 3—6 months later. See @ Fig. 1
for the study design.

After obtaining the swab, brushes were
deposited in Safe-Lock 1.5ml Eppendorf
tubes which were prefilled with 500l
ThinPrep Cytolyt solution.

The following blood values were ob-
tained in order to monitor disease activ-
ity and ongoing therapy: complete blood
count, calcium, phosphate, alkaline phos-
phatase, ALT, AST, gamma-glutamyl trans-
ferase, creatinine, urea, C-reactive protein,
ferritin, ESR, serum amyloid A, IL-6, and
25-hydroxyvitamin D.

Medical history, current complaints and
medication, as well as a thorough clinical
examination including joint count were
performed and documented for each pa-
tient.

Patient charts were analyzed retrospec-
tively, collecting the following variables for
each patient: gender, age at disease on-
set, symptoms (pain, impaired range of
motion, general health status, fever, lo-
cal signs of inflammation), time to remis-
sion, associated comorbidities (Crohn's dis-
ease, psoriasis, arthritis, acne, palmoplan-
tar pustulosis), disease pattern (vertebral,

clavicular, sternal type; unifocal or multi-
focal type), medication (NSAID, steroids,
sulfasalazine, methotrexate, bisphospho-
nates, TNF-alpha blocking agents), MRI
results (symmetric lesions, hyperostosis,
sclerosis, fibrosis, bone marrow edema,
osteolysis), and histological findings.

The study and patient information
forms were approved by the local ethics
committee of the Medical Faculty, Hein-
rich-Heine-University (study no. 5828R,
registry-ID 2016122195).

16S ribosomal RNA (16S) sequencing
and analysis

DNA extraction. Oral swab samples were
collected from each patient at the two in-
dicated time points and DNA was isolated
using the QIAamp Blood Kit (Qiagen) fol-
lowing the pathogen detection protocol.

Targeted 16S V4 region sequencing.
Following the Earth Microbiome Project
protocols [8], we targeted and amplified
the V4 region of the 16S gene by PCR
using barcoded primers. V4 paired-end
sequencing was performed using a MiSeq
(Illumina, La Jolla, CA, USA) according to
manufacturer’s protocols.

Sequencing data processing and qual-
ity control. Raw V4 sequence reads
were demultiplexed using lllumina’s
bcl2fastq 2.19.0.316 software. Primers
were trimmed via cutadapt 1.18, up-
loaded to Qiita, a web-based microbiome
comparison platform, and quality con-
trolled using the defaults. Forward reads
were trimmed to the first 150 nucleotides.
The primary feature table was generated
using Deblur 1.1.0. Taxonomy assign-
ment was done via the Qiime2 [9] feature
classifier plug-in version 2019.1 against
Greengenes version 13.8 99% sequence
identity OTUs from the 515F/806R region
of the sequences. Bacterial features with
assigned taxonomy containing the labels
¢__Chloroplast or f__mitochondria were
considered to be of host or plant origin
and removed from the feature table prior
to rarefaction. Differential abundance
analysis was performed via discrete FDR
[10] as implemented in Calour, which
represents an interactive, microbiome-
centric analysis tool.



Table 1 Patient characteristics. The data show symptoms which ever occurred during patient’s
entire course of disease. Age, symptoms, MRI findings showing the localization of inflammation at
disease onset and typical comorbidities exhibit a classical phenotype of children and adolescents
in chronic nonbacterial osteomyelitis (numbers in front of brackets are absolute figures, numbers

initalics show relative figures).

Patients (n=20)

Male sex 12 (0.60)
Median age (years) 10.3(3-13)
3-8 years 5(0.25)
9-14 years 15 (0.75)

Disease duration

3.05 years (0-8)

Symptoms at disease onset

Pain 19 (0.95)
Swelling 9(0.45)
Fever 8(0.40)
Reduced range of motion 5(0.25)
MRI at disease onset

Symmetric lesions 8(0.40)
Hyperostosis 3(0.15)
Sclerosis/fibrosis 5(0.25)
Osteoedema 11(0.55)
Soft tissue edema 9(0.45)
Osteolysis 3(0.15)
Comorbidities

Crohn’s disease 1(0.05)
Psoriasis 1(0.05)
Arthritis 4(0.20)
Acne 2(0.10)
Palmoplantar pustolosis 2(0.10)
Patients (n=20)

Laboratory parameters at disease onset

Elevated CRP > 1 mg/dl 8(0.40)

Median ESR 43 mm/h (0-140mm/h)
Medication

NSAID 20(1.00)
Steroids 6(0.30)
Sulfasalazine 3(0.15)
Methotrexate 4(0.20)
Bisphosphonates 3(0.15)
TNF-alpha inhibitors 3(0.15)
Biopsy 12 (0.60)
Localization

Multifocal 17 (0.85)
Localizations (n = 66)

Jaw 2(0.03)
Clavicle 3(0.05)
Sternum 2(0.03)
Spine 16 (0.24)
Upper extremity 8(0.12)
Lower extremity 35(0.53)

NSAIDS nonsteroidal anti-inflammatory drugs

Statistics

In order to compute phylogenetic diversity
distances, unique V4 sequence fragments
were inserted into the reference phyloge-
netic tree of Greengenes version 13.8 99%
sequence identity OTUs [11]. The result-
ing tree was used to compute weighted
and unweighted UniFrac beta distances
and Faith’s PD alpha diversity. Rarefac-
tion curves for all samples were computed
via Faith’s PD and an optimal rarefaction
depth of 30,000 reads per sample was
chosen manually, resulting in 66 samples
with suitable read counts, totalling 1638
bacterial features.

PIRCUSt was used to predict the meta-
transcriptome and BugBase to obtain
high-level phenotypes from an OTU table.
To generate this table, unrarefied trimmed
V4 reads were subjected to closed ref-
erence picking via SortMeRNA against
Greengenes version 13.8 97% sequence
identity OTUs through Qiime2 in Qiita.
Nonphylogenetic metrics on predicted
feature tables were used for alpha (Shan-
non, observed OTUs) and beta diversity
(Bray-Curtis) calculation.

Differences in community composition
for groups of samples (i.e. beta diver-
sity) were assessed via pairwise Permanova
tests with 999 permutations as imple-
mented using scikit-bio 0.5.5. Comparison
of alpha diversity values and changes in
beta diversity was done using Mann-Whit-
ney tests as implemented in scipy 1.1.0.

An NCBI Blast was used to assign tax-
onomic labels for selected features. Sig-
nificance was assessed via Mann-Whitney
test.

Results

Baseline and disease characteristics

In this study 20 patients were evaluated
(12 male, 8 female) with a median age of
10.3 years (3—13 years) and 13/20 patients
were examined at 2 time points. Moreover,
oral swabs of 36 healthy subjects (16 male
and 20 female) were taken at time point 0.

Atdisease onset, 95% of all patients had
pain as a leading symptom, swelling of the
disease site was reported in 9 patients, re-
duced range of motion was present in
8 patients, while 5 patients had fever.
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Fig. 1 A Study design. Oral swabs of 20 patients were taken at time point 0 from the center and the left side of the tongue.
Thereof, in 13 patients a second swab was taken from the center and the left side of the tongue at time point 1 (3—6 months
after time point 0) and 7 patients did not have a second swab due to loss of follow-up. Furthermore, 36 healthy adults sub-
jects (16 male and 20 female) formed a control group from which oral swabs of the center and the left side of the tongue were
obtained at time point 0. At time point 0, 11 patients received no medication, 7 NSAIDs and 2 NSAIDs and otherimmunomod-
ulatory therapies, such as bisphosphonates or methotrexate. At time point 1,4 patients received no medication, 6 NSAIDs and
3 NSAIDs and other medication

126  Zeitschrift fiir Rheumatologie 2 - 2023



Hier steht eine Anzeige.

@ Springer



Originalien

0.6
0.5

05 0.4

0.3
04

Mann Whitney U
Mann Whitney U

03

0.1

02 _

0.0

facultative anaerobic
p=0.004

| 9-14years
W 3-8vyears
i |
*
09 _|
<> =
* * 7o
= —
=
=
=
c
—T— c
—_— ©
S5 07 |
*
06 _|
[ -

=
Legend
Maximum
3rd Quartile
Median
1st Quartile
. —  Minimum
’ ¢ outlier
&

|

gram negative
p=0.04

gram positive
p=0.04

Fig. 2 A Microbial phenotypic differences by patient age group. Patients aged 3-8 years showed significantly more faculta-
tive anaerobic und gram-negative bacteria and less gram-positive bacteria than patients aged 9-14 years, based on BugBase
predictions from 16S read counts (two-sided Mann-Whitney test)

With respect to disease sites, 17 patients
showed a multifocal lesion pattern, with
the spine and lower extremities being the
most common sites. Laboratory studies
showed a normal blood count in 19 pa-
tients. In 8 patients, there was an elevation
of C-reactive protein, while the median ESR
was 43mm/h.

The following medications were taken:
all 20 patients received nonsteroidal anti-
inflammatory drugs (NSAIDs), steroids
were used in 6 patients, 4 patients re-
ceived methotrexate, 2 patients were
treated with TNF inhibitors and 3 patients
received bisphosphonates.

Microbiome studies

Time points 0 and 1

A time course-specific analysis was not
conducted as the number of complete
time series was too low. Instead, paired
samples from the same individual were ei-
ther stratified by time point or both time
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points were combined for subsequent spe-
cific analyses.

Role of age and sex

Based on patient age, two subgroups
were formed and analyzed: 3-8 years and
9-14 years (no patient was older than
14 years). The grouping was chosen in
order to be able to differentiate between
patients in the typical age of disease onset
(9-14 years) and a rather unusual age
group (3-8 years).

Analysis of beta diversity revealed a sig-
nificant difference between the age groups
(Bray-Curtis reaches p:0.001). Taxonom-
ically, the group aged 3-8 years (n=18)
showed more gram-negative and faculta-
tively anaerobic bacteria (p:0.004), while
more gram-positive bacteria were seen in
the group aged 9-14 years (n=48). See
@ Fig. 2 for further information. There was
no gender-specific change in microbiome,
in either alpha or beta diversity (p:0.16).

Body site

Examination of the oral microbiome was
performed as described above. On the
basis of beta diversity, a significant differ-
ence in microbiota was seen between the
left side of the tongue and the tongue
center (p:0.02). Taxonomically, on the left
side of the tongue more Megasphaera
micronuciformis, Haemophilus sputo-
rum, paraphrohaemolyticus, para, Lach-
noanaerobaculum orale, Corynebac-
terium terpenotabidum and C. argen-
toratense was found, while, in the center,
a predominance of Prevotella histicola,
Fusobacterium periodonticum, Porphy-
romonas pasteri, Solobacterium moorei,
Mogibacterium pumilum, neglectum,
Actinomyces graevenitzii, A.naeslundii,
A.oris and A.viscosus were detected. See
@ Table 2.

Disease activity

In order to examine the impact of dis-
ease activity on the microbiome, patients
with and without clinical symptoms were



neg- | formis

Table 2 Identified bacteria at the different swab locations. Various species of bacteria were
found applying NCBI Blast

Tongue left Tongue center
Gram | Megasphaera micronuci- Prevotella histicola

ative | Haemophilus sputorum,

Fusobacterium periodonticum

paraphrohaemolyticus

Porphyromonas pasteri

Gram | Lachnoanaerobaculum orale

Solobacterium moorei

POS- | Corynebacterium terpeno-

Mogibacterium pumilum, neglectum

itive | tabidum, argentoratense

Actinomyces graevenitzii, naeslundii, oris, viscosus

compared. Due to the small number of
patients with disease activity at the time of
sampling, the detected difference in beta-
diversity calculated on the basis of Bray-
Curtis metric barely reached significance
(p:0.05). Disease activity was measured
by combining subjective pain described
by patient/guardian with the visual ana-
logue scale (VAS), physical examinations
performed by physicians and laboratory
values of inflammation (CRP and ESR).

Medication and change in
microbiome
As patients’ treatment regimens dif-
fered substantially, different treatment
groups were formed: |. NSAID only;
IIl. NSAID+ (encompassing all combina-
tion therapies, such as methotrexate,
sulfasalazine, TNF-blocking agents and
bisphosphonates); lIl. no therapy. At time
point 0 group | consisted of 7 patients,
2 patients were listed in group Il and
11 patients were included in group Il
At time point 1 the groups were built as
follows: 6 patients (group 1), 3 patients
(group II) and 4 patients (group IlI).
Comparisons of groups | and Il and
groups | and Il revealed a clear and signif-
icant change of the oral microbiome in pa-
tients who were treated with either NSAID
or NSAID+ as opposed to patients who
were without treatment. Those who were
unmedicated had more abundant aerobic
and less abundant anaerobic bacteria, in
contrast to patients who were treated with
NSAIDS. This effect was clearly observed
using different prediction methods (Bray-
Curtis on PICRUSt predicted Rfam and COG
tables). See @ Fig. 3.

Control group

As a control group, 36 healthy adult sub-
jects (16 male and 20 female) were ex-
amined. A significant difference was seen
between the patients’ microbiomes and
those of the control group. Regarding the
left side of the tongue, the determined al-
pha diversity of the metric observed_otus
revealed a p-value of 0.01, while the beta
diversity of the metric unweighted_unifrac
revealed a p-value of 0.002 (see @ Figs. 4
and 5). This pattern was also found in
swabs taken from the center of the tongue.

Robustness tests—analyzing
independence of variables
Correlating the metadata with different
variables (localization, disease activity,
time point, medication, age, etc) of the
66 samples showed that only medication,
swab and time point slightly correlate
(0.19), as do medication, swab and age
group (0.1). Creating a linear mixed
model and performing a forward-step
redundancy analysis of the first 10 princi-
ple components of Bray-Curtis distances
showed that medication, swab, age group
and localization significantly correlate
with microbial communities, while corre-
lations with sex and disease activity did
not reach significance; however, another
model, considering only disease activity,
identified significant microbial differences
between samples from patients with and
without disease activity at the first time
point.

Discussion

This research paper can be considered a pi-
lot study, providing initial insights into the
oral microbiome in CNO in children and
adolescents. A significant and interesting

finding was a possible impact of anti-in-
flammatory andimmunomodulatory med-
ication on the composition of the oral mi-
crobiome.

We sampled the oral microbiome, while
most other microbiome studies in chil-
dren and adolescents with rheumatic dis-
eases—mostly dealing with juvenile idio-
pathicarthritis (JIA)—have used stool sam-
ples. Despite confounding factors, such
as intake of food and beverages or den-
tal health, the oral cavity is (the first)
part of the digestive system and there-
fore a representative source encompass-
ing 50-100 billion bacteria and approxi-
mately 700 predominant taxa [12]. The
composition of the oral microbiome may
also be linked to nonoral diseases [13, 14].
Furthermore, easy access to material and
a high return ratio are practical arguments
for our choice, especially in the context of
rheumatoid arthritis, a frequent subject
for microbiome studies [15, 16]. In order
to rule out methodological bias, accurate
and separate handling of the material and
separate wet-lab handling of swabs from
different sites was performed, to enhance
the quality of the data.

We found that there was a significant
difference with respect to the distribution
pattern of commensals in the oral cavity.
This finding shows that the distribution
pattern of microbiota in the oral cavity
seems to follow a distinct pattern. This
pattern has to be anticipated when con-
ducting studies of the oral microbiome.
As most microbiome studies only exam-
ine the intestinal microbiome, this study
presents unique descriptive data from the
oral cavity in CNO. The results of this pilot
study emphasize that an accurate research
design is required for studies of the oral
microbiome, since even small deviations
regarding the smear location can alter the
data. The differences have been shown
before [12, 17, 18] and follow-up studies
will further investigate them.

With respect to patient age, there was
a significant and interesting difference in
microbiota between our subgroups of 3-8
and 9-14 years of age. Whether age-spe-
cific environmental factors, such as food
intake or host immune system, serve as
explanation for this finding is yet to be
answered.
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Finally, the mostimportant finding was
the significant difference in microbiota
composition identified when comparing
samples from patients who were treated
with NSAIDs or NSAIDs plus (+) a disease-
modifying antirheumatic drug (DMARD),
such as methotrexate, sulfasalazine, pred-
nisone or bisphosphonates. Thus, the
use of medication revealed alterations
that show that anti-inflammatory and
immunomodulating strategies, such as
COX-1 and COX-2 inhibition, or inter-
ference with purine metabolism and
downregulation or blockade of proinflam-
matory cytokines may play a measurable
role in the shift of the oral microbiome.
Regression analyses would be necessary to
further confirm this hypothesis; however,
our pilot study only involves a relatively
small sample size where these statistical
methods are of no further benefit. So
in order to further clarify the actual role
of the microbiome in this context, larger
studies with more patients and more
homogeneous cohorts are needed.

No significant differences were seen be-
tween male and female patients; however,
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this may also be attributed to the small
sample size.

Altogether, this pilot study provides the
first description of the oral microbiome of
children and adolescents with CNO. This
study adds to the hypothesis that alter-
ations of the microbiome may play a role
in CNO and that the oral microbiome may
be used for a systematic analysis of mi-
crobial changes in autoinflammatory bone
disease, helping to better understand the
complex interplay of genetics, cytokine
dysregulation and environmental factors
in the etiopathogenesis of CNO.

As patients were examined indepen-
dently of disease activity in our study, we
examined two different time points in or-
der to detect an individual change of the
microbiome at different states of disease
activity. The control group consisted of
36 healthy adults, and a significant differ-
ence in microbial composition between
patients and controls was detected; how-
ever, in order to overcome age-dependent
differences an age-matched group should
be the goal for future trials in order to
better verify these findings.

Legend
Maximum
3rd Quartile
Median
1st Quartile Fig. 3 <Impact of med-
ication (Bray-Curtis
metric). No medication
N n=30,NSAIDn=26,
—_— inimum
NSAID + further med.
® outiier n=10. Patients with

NSAIDs showed a sig-
nificantly different mi-
crobiome compared to
unmedicated patients and
compared to patients who
took NSAIDs plus further
medication

A shortcoming of our study was the
small sample size and the heterogene-
ity with respect to disease pattern (uni-
focal vs. multifocal). Here, future trials
with a greater sample size and a more ho-
mogeneous group are needed to further
elucidate the actual impact of the micro-
biome and furthermore draw conclusions
regarding different microbial phenotypes.

In the context of juvenile rheumatic
diseases, studies dealing with the role
of the microbiome in juvenile idiopathic
arthritis, the most common rheumatic
disease in children and adolescents, have
shown interesting results [19, 20]. Re-
cently, a prospective inception cohort of
Dutch and Italian JIA patients has sup-
ported the hypothesis of gut dysbiosis
in JIA. The group showed decreased
richness in samples from patients with
persistent disease activity compared to
healthy controls. A relative increased or
decreased abundance of certain species
(e.g. Erysipelotrichaceae, Allobaculum,
Faecalibacterium prausnitzii) was found
in patients and controls [21].
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Dong et al. presented data on the
change of the (intestinal) microbiome in
another autoinflammatory disease, sys-
temic juvenile idiopathic arthritis, demon-
strating microbial differences between
children in two different disease states
(active, inactive) and healthy children [22].

Conclusion

This pilot study of the oral microbiome in
children and adolescents with CNO gen-
erated data regarding the microbiome’s
potential influence on disease activity. Mi-
crobial changes between age groups and
upon introduction of anti-inflammatory
and immunomodulatory medication were
seen.
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centage of explained vari-
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140
—— control group
—— patients

Further studies in bigger, homoge-
neous collectives are needed to further
elucidate the role of the microbiome in
the etiopathogenesis of autoinflamma-
tory disease, in order to ultimately tailor
therapeutic strategies comprising dietary
interventions that may help to achieve
a lasting remission.
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