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Abstract

There is evidence for an impact of the gut microbiota on the immune system, which has consequences for inflammatory
diseases. Exclusive enteral nutrition (EEN) and the specific carbohydrate diet (SCD) have been demonstrated as effective
anti-inflammatory treatments for children with Crohn’s disease. We have previously shown an anti-inflammatory effect from
these nutritional treatments in children with juvenile idiopathic arthritis (JIA). The aim of this study was to investigate if
improved clinical symptoms after EEN or SCD treatment in children with JIA could be linked to changes in faecal microbiota.
We included sixteen patients with JIA (age 7-17 years), six for treatment with EEN and ten with SCD. EEN was given for
3-5 weeks and SCD for 4-5 weeks, with clinical and laboratory status assessed before and after treatment. Faecal samples
were analysed for microbiota diversity and composition using 16S rRNA gene sequencing. Analyses of the faecal microbiota
showed an effect on the overall composition with both interventions; the most striking result was a decreased relative abun-
dance of the genus Faecalibacterium from EEN and of Bifidobacterium from SCD. The a-diversity decreased significantly
from SCD (P =0.04), but not from EEN (P =0.22). Despite the study cohorts being small, both EEN and SCD were shown
to impact the faecal microbiota. Future larger studies with a focus on metagenomics or metabolomics could possibly reveal
a link and clarify the clinical effects of those nutritional regimens.

Abbreviations ILAR International League of Associations for

EEN Exclusive enteral nutrition; Rheumatology

JIA Juvenile idiopathic arthritis NSAID Non steroid anti-inflammatory drug

SCD Specific carbohydrate diet IQR Interquartile range

SCFA Short-chain fatty acids

IBD Inflammatory bowel disease

CD Crohn’s disease Introduction

ucC Ulcerative colitis

JADAS27 Juvenile arthritis disease activity score 27 Juvenile idiopathic arthritis (JIA) is a group of chronic arth-
PCoA Principal coordinate analysis ritides with childhood onset. There are seven JIA categories
ESR Erythrocyte sedimentation rate according to the current classification criteria of the Interna-
FDR False discovery rate tional League of Associations for Rheumatology, indicating
RF Rheumatoid factor the heterogeneity of the disease [1]. The cause of the dis-

ease is considered multifactorial, but early life events that
could influence microbiota are seen as contributing factors,
i.e. antibiotics at early age, early weaning from breastfeed-
ing and delivery by caesarean section [2—4]. The intesti-
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Since there is support for an imbalance of the gastroin-
testinal immune system in children with JIA, different non-
medical interventions have been discussed. One hypothesis
is that altering the composition and function of the intes-
tinal microbiota, for example, through a dietary interven-
tion, could have an influence on the gastrointestinal immune
system [5]. There are very few studies in children aiming to
decrease inflammatory activity through diet and the major-
ity of those have focussed on inflammatory bowel disease
(IBD), such as Crohn’s disease (CD) and ulcerative colitis
(UO) [11].

Just like in JIA, an altered and less functional gut micro-
biota has been proposed to play a role in the pathogenesis of
CD. A decrease in the abundance of the phylum Firmicutes
and a reduction of Faecalibacterium prausnitzii have been
observed in several studies of CD patients [12, 13].

In paediatric CD, use of exclusive enteral nutrition (EEN)
has been shown to exert an anti-inflammatory and healing
effect on the intestinal mucosa, leading to an improved nutri-
tional status and a reduced need for corticosteroids [14].
EEN is a whole-protein polymeric formula, containing what
is needed for complete nutrition. In children with CD treated
with EEN, a combined positive health effect has been shown
to correlate with a change in the pattern of short-chain fatty
acids (SCFAs) in faecal samples, which were shifted in an
anti-inflammatory direction by EEN [15]. The influence on
the microbiota composition has shown very varying results,
not consistent between studies, but a reduction in microbiota
diversity has been a common finding [16]. In a previous
study, it was shown that EEN treatment could improve clini-
cal symptoms in children with JIA [17]. Seven patients were
included and the EEN treatment had a varied but positive
effect on all patients, with improvement in juvenile arthritis
disease activity score (JADAS27), number of inflamed joints
and minutes of morning stiffness. However, the previous
study did not include any analyses of faecal samples.

A diet that has been shown to have beneficial effects on
IBD in children is the specific carbohydrate diet (SCD).
The diet induces clinical and biochemical remission in
paediatric CD and UC [18, 19], but not complete healing
of the intestinal mucosa [20]. SCD is a nutritionally bal-
anced diet based on non-starchy vegetables, fruits, legumes,
nuts, seeds, meats and fish. Dairy consumption is limited to
well-fermented yoghurt and hard cheese, while cereal and
grain-based products, as well as other foods containing large
amounts of refined starch or added sugar, are excluded from
the diet. This significantly reduces the intake of disaccha-
rides typically abundant in a Western diet, such as sucrose
and lactose, while increasing the intake of certain non-starch
polysaccharides (dietary fibre) [18]. Furthermore, most pro-
cessed food is excluded, as it may contain emulsifiers and
additives, proven to have a negative impact on the intestinal
mucosa in animal models [21].
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In a new explorative study of 15 children with JIA,
improvement of clinical scores and symptoms, showing an
anti-inflammatory effect, was shown from SCD after four
to five weeks on the diet in the majority of children [22].
SCD significantly decreased morning stiffness and pain,
and improved physical function. Seven of the 15 children in
that study had arthritis at inclusion; in five of the seven, the
arthritis improved. Moreover, faecal SCFAs increased from
SCD, with the most pronounced increase in butyrate levels.

The aim of the present study was to investigate if
improved clinical symptoms after two different dietary
interventions, EEN and SCD, in children with JIA, could be
associated with changes in faecal microbiota composition.

Material and Methods
Study Design

Eligible for both nutritional interventions were
patients < 18 years of age, diagnosed with JIA before
16 years of age, without suspicion of IBD, and with a normal
faecal calprotectin level. Children could only be included if
parents and children were strongly motivated to try a dietary
intervention as a complementary treatment. Inclusion cri-
teria for the intervention with EEN were also that patients
were in an active phase of the disease, needing intra-articular
corticosteroid injections, but they were in favour of start-
ing EEN with a duration of at least 3 weeks, and wait 2 to
2.5 weeks with intra-articular corticosteroid injections to
see any effect of the EEN. If the patient was on treatment
with a DMARD, the treatment had to be in a stable phase
and there should be no change in medical treatment during
the study. Enteral nutrition was the sole nutritional source,
given as either elemental, semi-elemental or polymeric for-
mula, with total exclusion of a normal diet. Inclusion criteria
for the intervention with SCD were that patients were on
stable treatment—i.e. there had been no change in medi-
cal treatment during the three months preceding inclusion,
except joint injections at the latest two months earlier—but
not yet in remission, with no more than two active joints
at inclusion and an erythrocyte sedimentation rate (ESR)
of 30 mm at most. Before inclusion, an initial telephone
appointment with a dietician was performed. The families
received a recipe booklet, a list of permitted foodstuffs and
a list of recommendations, before a visit to the paediatric
rheumatology clinic was performed for inclusion. After the
inclusion visit, families were instructed to get familiar with
what food to eat and what to avoid during a period of two
weeks at most. After this, the participants were to follow
the SCD diet strictly for at least four weeks, with follow-up
visits after two and four weeks on SCD. The families were
also instructed to fill out a food diary during three days at
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the very end of the 4-week period. Children brought their
own food to school. Six children with JIA were included in
the dietary intervention with EEN for 3-5 weeks and ten
children in the intervention with SCD for 4-5 weeks. The
different time limits for inclusion criteria—3 and 4 weeks,
respectively—were based on ethical and practical issues in
treatment with EEN [17] and SCD [22]. Throughout both
trials, the families had regular and close contact with and
access to the dietician, 1-2 times per week, by email and tel-
ephone, and the physician, by email. In both trials, children
had their first physical visit after two weeks on the dietary
intervention.

The number of children included in each study and the
numbers of drop-outs are shown in a flowchart (Fig. 1). In
the EEN study, five children stopped after 0.5-1.5 weeks
of EEN because of poor compliance and one because of
no effect after almost two weeks of EEN treatment and a
desire to receive intra-articular corticosteroid injection at
that time and discontinue the study. One further patient was
excluded from this sub-study due to developing Crohn’s
disease. Six patients had a clinical effect starting to be seen
after 2-2.5 weeks of EEN and continued treatment for at
least 4 weeks. In the SCD study, four families dropped out
before two weeks of the study: in two, the child turned out
not to be motivated enough, and in the other two, the parents
were not motivated enough.

Ethical Issues

The study on EEN was approved by the regional ethics com-
mittee in Uppsala County (Dnr 2012/378 and 2014/016).
The study on SCD was approved by the regional ethics
committee in Uppsala County (Dnr 2016/263, 2016/263/1,
2016/263/2) and by the Ethics Review Authority (Dnr 2020-
01494). Written informed consent was obtained from the
parents of children younger than 12 years and directly from
children who were 12 years or older.

Fig. 1 Flowchart of patients
included in and excluded from
the two studies

Study on Exclusive enteral nutrition

Totally 13 children included

Study Visits

Throughout the trial, the participants had regular contact
with and access to the dietician, as well as a physician,
through visits, email and telephone. Clinical and labora-
tory status were assessed before, during, and at the end of
treatment periods. Disease activity was assessed based on
JADAS27 (0-57). The JADAS27 comprises (1) the number
of active joints (0-27), (2) patient global assessment visual
analogue scale (0-10 cm), (3) physician global assessment
visual analogue scale (0—10 cm) and (4) normalised ESR
((ESR (in mm/h) — 20)/10) to a scale 0-10 [23]. Arthritis
was assessed at clinical examination, not using ultrasound
at inclusion or follow-ups.

Faecal Samples

Faecal samples were collected at inclusion and at follow-up
after three to five weeks of EEN and after 2 and 4 weeks of
SCD. In both groups, most faecal samples were collected at
home and stored in+ 6 °C degrees before being delivered to
the hospital. At the hospital, samples were placed and stored
in a—70 °C freezer, at most 48 h after sampling.

DNA Isolation

First, 1 mL of DNA/RNA shield (Zymo Research Corp,
Irvine, CA) was added to 30-100 mg of frozen faecal
sample. The samples were then subjected to bead beating
with Matrix E (MP Biomedicals, Santa Ana, CA, USA) at
1,600 rpm using a 96 FastPrep shaker (MP Biomedicals,
Santa Ana, CA, USA) for 1 min and then centrifuged for
4 min at 4400 rpm to remove beads from the solution. Then,
200 uL of the supernatant was incubated with 20 pL of
lysozyme buffer (20 mM Tris—CL, 2 mM sodium-EDTA,
lysozyme to 100 g/mL; Sigma-Aldrich, St. Louis, MO, USA)
at 37 °C for 1 h at 1000 rpm and then at 80 °C for another

Study on Specific carbohydrate diet

Totally 14 children included

1 dropped out after 2 weeks

5 dropped out after 0,5-1,5 weeks

1 developed Mb Crohn, was excluded

4 dropped out after 1-1,5 weeks

6 children in this study

v

10 children in this study
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15 min and 250 rpm. Following this, samples were centri-
fuged for 5 min at 4400 rpm and 200 pL was transferred to
a new plate, to eliminate larger particles. Next, 10 uL of
proteinase K (from the Genomic DNA MagPrep kit, Zymo
Research Corp, Irvine, CA, USA) was added, and the sam-
ples were then incubated at 55 °C for 30 min at 250 rpm.
The samples were then cleaned through several washing
and magnetic bead pelleting steps in accordance with the
instructions of the manufacturer (Genomic DNA Mag-
Prep kit, Zymo Research Corp, Irvine, CA, USA). Finally,
genomic DNA was eluted from the magnetic beads with 70
UL of elution buffer (10 mM Tris—Cl, pH 8.5; Qiagen, Venlo,
Netherlands).

DNA Amplification and Sequencing

Indexed amplicons were generated in one PCR step using
primers targeting the 341f-805r region of the 16S rRNA
gene. The PCR mix contained 25 pL of Phusion Hot Start
II High-Fidelity PCR MasterMix (ThermoFisher Scientific,
Waltham, MA, USA), 1.5 uL. DMSO and 4 pL of primers at
5 uM, plus 19.5 L of DNA template at 1.03 ng/uL. Cycling
conditions used an initial denaturation step of 80 s at 98 °C,
25 cycles of 10 s at 98 °C, 30 s at 53 °C and 30 s at 72 °C,
and a final extension step of 2 min at 72 °C. PCR products
were purified using Agencourt AMPure XP beads (Beckman
Coulter AB, Stockholm, Sweden) and 80% ethanol and were
eluted in PCR-grade water. Finished libraries were quanti-
fied using Invitrogen’s Quantlt fluorometric assay (Thermo
Fischer Scientific, Waltham, Massachusetts, USA) before
being pooled to equimolar amounts and sequenced in paral-
lel to whole bacterial genomes in a MiSeq instrument (Illu-
mina Inc, San Diego, CA, USA) using 2 X 300 bp reads and
V3 chemistry.

Sequencing Quality Control and Amplicon
Sequencing Variant Picking

Raw sequencing reads were pre-processed with Cutadapt to
remove adapter sequences, primer sequences, low-quality
(< 15) 3'-bases and sequences containing any N [24]. The
resulting reads were submitted to DADA?2 [25] for merging,
amplicon sequence variant (ASV) picking and taxonomy
assignment based on the SILVA 128 database [26]. The
final dataset was normalised to the sample with the lowest
read count, 9907 sequences, to harmonise the number of
sequence reads between samples. The sequence accession
number for the sequence dataset is PRINA778908.

Statistical Analyses

Conventional descriptive statistics were used, with median
and interquartile ranges given. For comparison of JADAS27
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before and after nutritional intervention, the related sam-
ples Wilcoxon signed-rank test was used. P values of less
than 0.05 on two-tailed tests were considered statistically
significant. Analyses were carried out using the Statistical
Package for Social Sciences version 26 (SPSS Inc., Chicago,
IL, USA).

For all calculations and statistical analyses linked to the
microbiota data, including analysis of diversity, we used
the statistical software PAST, version 4.02 [27]. For assess-
ment of microbial a-diversity, the Shannon diversity index,
which encompasses both richness and evenness, was used
and calculations were performed on the entire ASV matrix.
To check for any impact of EEN and SCD on the micro-
bial community composition, principal coordinate analysis
(PCoA) plots were generated based on Bray—Curtis dis-
tances, and a similarity index with Bray—Curtis metrics was
calculated to evaluate the change in microbiota composition
from the intervention. The Bray—Curtis similarity is bounded
between 0 and 1, where 1 means that two samples have the
same composition (that is they share all the species as well
as relative abundance of the species), and O means that two
samples do not share any species. To test for changes in
a-diversity and relative abundance for specific microbial
taxa that were connected to the intervention, paired Wil-
coxon signed-rank tests were used to compare samples from
before and during treatment for EEN and SCD, respectively.
The taxa analyses were performed on phylum and genus
taxonomy data and included only taxa that were present in at
least 50% of the samples in each intervention arm, and that
were present with an average relative abundance > 0.1%. The
Benjamini-Hochberg method was used to adjust for multiple
comparisons, with a false discovery rate (FDR) of 5% [28].
Because of the explorative design, we also evaluated results
not adjusted for multiple comparisons.

Results
Demographic Data

Figure 1 shows a flowchart of the children included in and
excluded from each cohort. Demographic data are presented
in Table 1. The improvements in JADAS27 for both inter-
ventions were significant (P =0.03 for both). The medical
treatment during the observation period was stable in all
participants and is presented in Table 1. For the participants
on the EEN intervention, results for inflammatory variables
like ESR, physical function, as well as faecal calprotectin
analysis results at inclusion for the same individuals (one
excluded in this study because of developing CD) have been
published previously [17]. Corresponding data regarding the
study on treatment with SCD include all ten study partici-
pants in the SCD intervention [22].
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Table 1 Demographic data in 16 patients with juvenile idiopathic arthritis (JIA) before and after two different nutritional interventions

Patients on EEN Patients on SCD
Female sex, n (%) 3/6 (50) 8/10 (80)
Age at disease onset, years, median (IQR) 9.9 (6.8-10.6) 12.2 (3.1-13.7)

Age at inclusion, years, median (IQR)
JADAS?27 delta value, before/after treatment, median, IQR?*

11.9 (9.6-16.4)
—8.6(=13.9-(=2.8)

14.4 (11.4-16.8)
—32(=5.1-(=12)

ILAR categories of JIA, course type

Number

Number

Oligoarticular persistent
Oligoarticular extended
Enthesitis-related arthritis
Polyarticular RF negative
Juvenile psoriatic arthritis
Medical treatment during study
None

NSAID

Methotrexate

Biological agent

Biological agent + methotrexate

S W N O =

S O DO s

—_ W = = A

[SSIEN S I \S TN S R )

IQR interquartile range, JADAS27 Juvenile Arthritis Disease Activity Score 27 (0-57), ILAR International League of Associations for Rheuma-
tology, RF rheumatoid factor, NSAID non-steroid anti-inflammatory drug, EEN exclusive enteral nutrition, SCD specific carbohydrate diet

“Related samples Wilcoxon signed-rank test, P=0.03 in EEN as well as in SCD

Faecal Analyses

The analysis of microbiota composition revealed that sam-
ples were dominated by the Firmicutes and Bacteroidetes
phylum, but with some differences in proportions between
individual samples (Fig. 2). The paired analysis of Shan-
non’s diversity index before and during the intervention
showed that the a-diversity decreased significantly for

Fig.2 Relative abundance of 100%

bacterial phyla in faecal samples
from children with juvenile idi-
opathic arthritis (JIA) collected
before and during diet interven-
tions. Six children with JTA
(A-F) before and during exclu-
sive enteral nutrition (EEN),
and ten children with JIA (G-P)
before and during specific
carbohydrate diet (SCD)
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SCD (mean = SD before SCD: 4.11 +0.49; during SCD:
3.87+0.53, P=0.04) but not for EEN (mean + SD before
EEN: 3.94+0.78; during EEN: 3.74 +0.50, P=0.22). The
paired samples, before and during treatment, presented
in PCoA plots, clustered by individual rather than by diet
(Fig. 3a, b). Three children in the EEN group had a pro-
nounced shift in community composition during treatment
with EEN, and all children treated with EEN showed the
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Fig. 3 Participants are not the same in a and b. The colouring of dots
has been made separately for a and b. a Principal coordinates analy-
ses of community composition of faecal microbiota in samples from
children with juvenile idiopathic arthritis (JIA) before and during
diet interventions with exclusive enteral nutrition (EEN). Different
colours represent different study participants. Dots represent sam-
ples collected before and squares represent samples collected during
the EEN intervention. b Principal coordinates analyses of commu-
nity composition of faecal microbiota in samples from children with
juvenile idiopathic arthritis (JIA) before and during diet interventions
with specific carbohydrate diet (SCD). Different colours represent

same trend, with a shift in community composition in a
similar direction. The microbial response to the SCD treat-
ment varied more between participants and was without a
clear trend (Fig. 3b). There was no significant difference
between the two interventions when comparing similarity
scores before and after the interventions, but three of the
participants on the EEN intervention and one participant on
the SCD diet showed a similarity score below 0.3, indicat-
ing a larger shift in the microbiota composition (Fig. 3c). In
order to identify specific microbial taxa that were affected
by the interventions, univariate paired tests were performed,
comparing the relative abundance of individual taxa before
and after EEN and SCD treatments. These tests revealed
that certain genera were affected by EEN (Fig. 4) and SCD
treatment (Fig. 5). However, after FDR adjustment of the
statistical tests, the changes were not significant. At the phy-
lum level, Actinobacteria decreased from the SCD treatment
(P=0.002), and that decrease was significant also after FDR
adjustment (Fig. 5).

Discussion

This pilot study evaluated the effects on the microbiota
of two dietary interventions that contributed, to varying
degrees, to an improved clinical picture in sixteen patients
with JIA, six treated with EEN and ten with SCD. The anal-
yses of faecal samples from before and during treatment
revealed an impact on the overall composition of the fae-
cal microbiota and a numerical decrease in a-diversity for
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c 0.8

0.7
0.6

0.5

Similarity

0.3

0.21

0.1

0.0
EEN SCD

different study participants. Dots represent samples collected before
and triangles represent samples collected during the SCD interven-
tion. ¢ Boxplots and jitter plots showing the distributions of similar-
ity indices based on Bray—Curtis metrics. Each dot represents the
similarity in microbiota composition, in each individual, between the
faecal sample collected before and the faecal sample collected dur-
ing the diet intervention. A high value on the y-axis represents a high
similarity between the variable composition in two samples. Boxplots
show the medians and interquartile ranges whereas the whiskers rep-
resent min and max values

both interventions, with a significant decrease from SCD.
Medical treatment was stable during the interventions and a
previous study has shown no significant influence on faecal
microbiota from treatment with methotrexate and/or etaner-
cept in children with JIA [29].

Past experiences of EEN treatment in children have
mainly been gathered in studies of patients with CD. The
exact mechanism of the anti-inflammatory effect seen
with EEN therapy remains unknown, but one main the-
ory is that EEN changes the gut microbiota and achieves
mucosal healing by suppressing certain bacterial species
and changing their metabolism [30, 31]. However, studies
in children with CD treated with EEN have shown diverg-
ing results regarding impact on specific bacterial taxa in
faecal samples. The most frequently reported effect from
EEN has been a reduction in microbiota diversity [16].
This study also showed a lower numerical diversity on
EEN treatment, although it did not reach statistical signifi-
cance. The individual response in microbiota community
composition to EEN treatment differed between patients,
but in three of the six children, there were obvious shifts in
the community composition. All six children had similar
trends. Comparisons of relative abundance of taxa showed
significant changes in the abundance of five genera before
adjustment for multiple comparisons. An interesting find-
ing was the change in relative abundance of Faecalibacte-
rium, with lower relative abundances after EEN treatment
compared with before treatment. F. prausnitzii is one of
the dominant members of the Firmicutes phylum in faecal
samples of healthy individuals [32] and is considered to
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Fig.4 Boxplots for relative Blautia
abundance of bacterial taxa at Oscillibacter
baseline, before EEN interven- (P = 0031) _
tion and during EEN in six 0.007- (P =0.03 1)
children with JIA. Selected taxa 0.045+ '
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Baseline EEN

be of particular importance in the microbe—host immune
regulation, with studies demonstrating that it has anti-
inflammatory properties [33]. The abundance of F. praus-
nitzii in faeces has been found to be lower in children with
CD as compared with healthy controls [34], and also in
one category of JIA: enthesitis-related arthritis [7, 35].
The decrease in Faecalibacterium from EEN in the present

study is thus noteworthy, since both children with CD and
children with JIA seem to have an anti-inflammatory effect
from EEN [14, 17], despite the decreased abundance of F.
prausnitzii. However, the decreased level of Faecalibac-
terium is not unexpected, since soluble fibres are lacking
in EEN treatment. This finding is also in line with the
results from at least three other studies, which all showed
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Fig. 5 Boxplots for relative abundance of bacterial taxa at baseline, before SCD intervention and during SCD in ten children with JIA. Selected
taxa with a P value < 0.05 before correction for multiple analyses

a decrease of the relative abundance of Faecalibacterium
after EEN treatment in children with CD [30, 31, 36]. Fur-
ther, the current study showed a decreased relative abun-
dance of the genus Blautia as well as of one Ruminococcus
genus, Ruminocuccus 2, from EEN treatment, which could
be due to the lack of fibre in the EEN diet [31].
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One previous study evaluated the impact of SCD on the
microbiota in nine children with IBD and the main result
was a decrease in the phylum Proteobacteria [19]. Also
in the present study, there were changes in the microbiota
during SCD treatment, with a significantly lower diversity
in faecal samples collected during SCD treatment, and a
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decrease in the relative abundance of the phylum Actinobac-
teria, which was consistent also after correction for multiple
analyses. The main genus within the Actinobacteria phylum
is Bifidobacterium, which was present in a lower relative
abundance after the SCD treatment. Bifidobacterium is com-
monly considered to be a beneficial and health-promoting
bacterium in the gut [37]. Bifidobacterium has been pro-
posed as a possible probiotic treatment for inflammatory
diseases, and a study on adult patients with UC showed
improved clinical symptoms during probiotic treatment
with Bifidobacterium longum [38]. However, an increased
abundance of Bifidobacterium has been shown in children
with the enthesitis-related arthritis, one of the categories of
JIA, and there is also a study on patients with UC showing a
higher abundance of Bifidobacterium in patients compared
with healthy subjects [7, 39]. The amount of Bifidobacterium
in the gut is influenced by intake of milk products [40] and
whole grains, especially rye [41, 42]. This could explain the
lower levels in this study, since milk products and grains are
largely excluded in SCD. In the pilot study [22], presenting
clinical data and faecal SCFAs for the first 15 children in the
SCD project, the levels of the SCFA butyrate increased sig-
nificantly. The results from analyses of different taxa cannot
explain the increase in butyrate, but it is known that many
bacteria are involved in butyrate production. The genus
Lachnospira, which increased from SCD, has been shown
to increase from a diet rich in vegetables [43]. Lachnospira
belongs to the family Lachnospiraceae [44], but the pre-
sent study showed no change in the abundance of Lachno-
spiraceae from SCD. However, this family has been shown
with a lower abundance in patients with enthesitis-related
arthritis compared with healthy controls, in one dataset [7].

It is hard to find any similarities in the impact of SCD
on the faecal microbiota between the present study and the
study by Suskind et al. in children with CD [19]. Studies
on EEN and SCD treatment in children with IBD are not
entirely comparable with studies on children with JIA, since
they are performed on children with different diseases, who
might experience differing impact on microbiota. The results
of diet interventions on microbiota composition are likely
to depend on the baseline composition, which are expected
to differ between children with IBD and children with JIA.

This study has several limitations. The study groups were
small and included only six and ten patients, respectively.
Therefore, there is a risk that differences caused by the treat-
ment were not detected and all conclusions should be drawn
with caution. There was no possibility to include control
patients, since it would be unethical and far too difficult to
motivate parents and healthy children to have the children
on either of the strict nutritional regimens for weeks. It is
possible that the participants in both studies who dropped
out at 1.5-2.0 weeks of treatment had a feeling that the treat-
ment was not successful. This could create a bias, even if

a positive effect could started to be shown at 2-2.5 weeks
at the earliest. Not least, knowledge is lacking regarding
the influence on clinical status from a specific microbiota
composition.

Conclusion

In summary, in this study, treatment with both EEN and
SCD affected the intestinal microbiota, but to some extent
in a contradictory way, with a decreased relative abundance
of certain taxa that are considered to be beneficial faecal
bacteria, and a reduction in diversity during SCD. These
findings in children with JIA need to be confirmed in larger
cohorts, but one could speculate that the results of a shift in
those taxa are not negative in the total setting of the complex
bacterial composition. It is probable that the positive clinical
effects of EEN and SCD are linked to an effect on the gut
microbiota, but perhaps to changes in the function of micro-
biota rather than to changes in the abundance of specific
taxa. Possibly, analysis of gut microbiota using metagenom-
ics would reveal changes in function of gut microbiota from
EEN or SCD.

Author Contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were per-
formed by LB, AO and JD. The first draft of the manuscript was written
by LB and all authors commented on early versions of the manuscript.
All authors read and approved the final manuscript.

Funding Open access funding provided by Uppsala University. This
work was supported by grants from the Swedish Rheumatism Asso-
ciation [R-657931, R-744331], the Department of Women’s and Chil-
dren’s Health, Uppsala University Hospital, Uppsala, the Soderberg
foundation, and the Gillbergska Foundation, Uppsala.

Data Availability The datasets generated and/or analysed during the
current study are not publicly available for ethical reasons, as well
as privacy reasons, but are available from the author on reasonable
request.

Code Availability Not applicable.

Declarations

Conflict of interest No financial or non-financial benefits have been re-
ceived or will be received from any party related directly or indirectly
to the subject of this article. The authors have no conflict of interest
to declare.

Ethical Approval The study on EEN was approved by the regional
ethics committee in Uppsala County (Dnr 2012/378 and 2014/016).
The study on SCD was approved by the regional ethics committee in
Uppsala County (Dnr 2016/263, 2016/263/1, 2016/263/2) and by the
Ethics Review Authority (Dnr 2020-01494).

@ Springer



215 Page100f 11

L. Berntson et al.

Consent to Participate Verbal informed consent was obtained from all
parents and children. Written informed consent was obtained from the
parents of children younger than 12 years and directly from children
who were 12 years or older.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Petty RE, Southwood TR, Manners P, Baum J, Glass DN, Golden-
berg J, He X, Maldonado-Cocco J, Orozco-Alcala J, Prieur AM,
Suarez-Almazor ME, Woo P, International League of Associations
for R (2004) International League of Associations for Rheumatol-
ogy classification of juvenile idiopathic arthritis: second revision,
Edmonton, 2001. J Rheumatol 31(2):390-392

2. Arvonen M, Virta LJ, Pokka T, Kroger L, Vahasalo P (2015)
Repeated exposure to antibiotics in infancy: a predisposing fac-
tor for juvenile idiopathic arthritis or a sign of this group’s greater
susceptibility to infections? J Rheumatol 42(3):521-526. https://
doi.org/10.3899/jrheum. 140348

3. Kindgren E, Fredrikson M, Ludvigsson J (2017) Early feeding
and risk of Juvenile idiopathic arthritis: a case control study in
a prospective birth cohort. Pediatr Rheumatol Online J 15(1):46.
https://doi.org/10.1186/s12969-017-0175-z

4. Kiristensen K, Henriksen L (2016) Cesarean section and dis-
ease associated with immune function. J Allergy Clin Immunol
137(2):587-590. https://doi.org/10.1016/j.jaci.2015.07.040

5. Arvonen M, Vanni P, Sarangi AN, Tejesvi MV, Vahasalo P,
Aggarwal A, Stoll ML (2020) Microbial orchestra in juvenile idi-
opathic arthritis: sounds of disarray? Immunol Rev 294(1):9-26.
https://doi.org/10.1111/imr.12826

6. Di Paola M, Cavalieri D, Albanese D, Sordo M, Pindo M, Donati
C, Pagnini I, Giani T, Simonini G, Paladini A, Lionetti P, De
Filippo C, Cimaz R (2016) Alteration of fecal microbiota pro-
files in juvenile idiopathic arthritis. Associations with HLA-B27
allele and disease status. Front Microbiol 7:1703. https://doi.org/
10.3389/fmicb.2016.01703

7. Stoll ML, Kumar R, Morrow CD, Lefkowitz EJ, Cui X, Genin A,
Cron RQ, Elson CO (2014) Altered microbiota associated with
abnormal humoral immune responses to commensal organisms in
enthesitis-related arthritis. Arthritis Res Ther 16(6):486. https://
doi.org/10.1186/s13075-014-0486-0

8. van Dijkhuizen EHP, Del Chierico F, Malattia C, Russo A, Pires
Marafon D, Ter Haar NM, Magni-Manzoni S, Vastert SJ, Dal-
lapiccola B, Prakken B, Martini A, De Benedetti F, Putignani L,
Model Driven Paediatric European Digital Repository C (2019)
Microbiome analytics of the gut microbiota in patients with juve-
nile idiopathic arthritis: a longitudinal observational cohort study.
Arthritis Rheumatol 71(6):1000-1010. https://doi.org/10.1002/art.
40827

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

Tejesvi MV, Arvonen M, Kangas SM, Keskitalo PL, Pirttila AM,
Karttunen TJ, Vahasalo P (2016) Faecal microbiome in new-
onset juvenile idiopathic arthritis. Eur J Clin Microbiol Infect Dis
35(3):363-370. https://doi.org/10.1007/s10096-015-2548-x
Oman A, Dicksved J, Engstrand L, Berntson L (2020) Fecal
microbiota in untreated children with juvenile idiopathic arthri-
tis: a comparison with healthy children and healthy siblings. J
Rheumatol. https://doi.org/10.3899/jrheum.200551
Kaenkumchorn T, Kesavan A (2019) Dietary management of
pediatric inflammatory bowel disease. ] Med Food 22(11):1092—
1099. https://doi.org/10.1089/jmf.2019.0063

Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-Humaran
LG, Gratadoux JJ, Blugeon S, Bridonneau C, Furet JP, Corthier
G, Grangette C, Vasquez N, Pochart P, Trugnan G, Thomas G,
Blottiere HM, Dore J, Marteau P, Seksik P, Langella P (2008)
Faecalibacterium prausnitzii is an anti-inflammatory commensal
bacterium identified by gut microbiota analysis of Crohn disease
patients. Proc Natl Acad Sci USA 105(43):16731-16736. https://
doi.org/10.1073/pnas.0804812105

Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, Van
Treuren W, Ren B, Schwager E, Knights D, Song SJ, Yassour
M, Morgan XC, Kostic AD, Luo C, Gonzalez A, McDonald D,
Haberman Y, Walters T, Baker S, Rosh J, Stephens M, Heyman
M, Markowitz J, Baldassano R, Griffiths A, Sylvester F, Mack D,
Kim S, Crandall W, Hyams J, Huttenhower C, Knight R, Xavier
RJ (2014) The treatment-naive microbiome in new-onset Crohn’s
disease. Cell Host Microbe 15(3):382-392. https://doi.org/10.
1016/j.chom.2014.02.005

Swaminath A, Feathers A, Ananthakrishnan AN, Falzon L, Li
Ferry S (2017) Systematic review with meta-analysis: enteral
nutrition therapy for the induction of remission in paediatric
Crohn’s disease. Aliment Pharmacol Ther 46(7):645-656. https://
doi.org/10.1111/apt.14253

Tjellstrom B, Hogberg L, Stenhammar L, Magnusson KE, Midt-
vedt T, Norin E, Sundqvist T (2012) Effect of exclusive enteral
nutrition on gut microflora function in children with Crohn’s dis-
ease. Scand J Gastroenterol 47(12):1454—1459. https://doi.org/10.
3109/00365521.2012.703234

Gatti S, Galeazzi T, Franceschini E, Annibali R, Albano V, Verma
AK, De Angelis M, Lionetti ME, Catassi C (2017) Effects of the
exclusive enteral nutrition on the microbiota profile of patients
with Crohn’s disease: a systematic review. Nutrients. https://doi.
0rg/10.3390/nu9080832

Berntson L, Hedlund-Treutiger I, Alving K (2016) Anti-inflamma-
tory effect of exclusive enteral nutrition in patients with juvenile
idiopathic arthritis. Clin Exp Rheumatol 34(5):941-945

. Burgis JC, Nguyen K, Park KT, Cox K (2016) Response to strict

and liberalized specific carbohydrate diet in pediatric Crohn’s dis-
ease. World J Gastroenterol 22(6):2111-2117. https://doi.org/10.
3748/wjg.v22.i6.2111

Suskind DL, Cohen SA, Brittnacher MJ, Wahbeh G, Lee D, Shaf-
fer ML, Braly K, Hayden HS, Klein J, Gold B, Giefer M, Stall-
worth A, Miller SI (2018) Clinical and fecal microbial changes
with diet therapy in active inflammatory bowel disease. J Clin
Gastroenterol 52(2):155-163. https://doi.org/10.1097/MCG.
0000000000000772

Wahbeh GT, Ward BT, Lee DY, Giefer MJ, Suskind DL (2017)
Lack of mucosal healing from modified specific carbohydrate diet
in pediatric patients with Crohn disease. J Pediatr Gastroenterol
Nutr 65(3):289-292. https://doi.org/10.1097/MPG.0000000000
001619

. Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S,

Ley RE, Gewirtz AT (2015) Dietary emulsifiers impact the mouse
gut microbiota promoting colitis and metabolic syndrome. Nature
519(7541):92-96. https://doi.org/10.1038/nature14232


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3899/jrheum.140348
https://doi.org/10.3899/jrheum.140348
https://doi.org/10.1186/s12969-017-0175-z
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1111/imr.12826
https://doi.org/10.3389/fmicb.2016.01703
https://doi.org/10.3389/fmicb.2016.01703
https://doi.org/10.1186/s13075-014-0486-0
https://doi.org/10.1186/s13075-014-0486-0
https://doi.org/10.1002/art.40827
https://doi.org/10.1002/art.40827
https://doi.org/10.1007/s10096-015-2548-x
https://doi.org/10.3899/jrheum.200551
https://doi.org/10.1089/jmf.2019.0063
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1111/apt.14253
https://doi.org/10.1111/apt.14253
https://doi.org/10.3109/00365521.2012.703234
https://doi.org/10.3109/00365521.2012.703234
https://doi.org/10.3390/nu9080832
https://doi.org/10.3390/nu9080832
https://doi.org/10.3748/wjg.v22.i6.2111
https://doi.org/10.3748/wjg.v22.i6.2111
https://doi.org/10.1097/MCG.0000000000000772
https://doi.org/10.1097/MCG.0000000000000772
https://doi.org/10.1097/MPG.0000000000001619
https://doi.org/10.1097/MPG.0000000000001619
https://doi.org/10.1038/nature14232

A Pilot Study Investigating Faecal Microbiota After Two Dietary Interventions in Children...

Page110f 11 215

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Berntson L (2021) A pilot study of possible anti-inflammatory
effects of the specific carbohydrate diet in children with juvenile
idiopathic arthritis. Pediatr Rheumatol Online J 19(1):88. https://
doi.org/10.1186/512969-021-00577-3

Consolaro A, Giancane G, Schiappapietra B, Davi S, Calandra S,
Lanni S, Ravelli A (2016) Clinical outcome measures in juvenile
idiopathic arthritis. Pediatr Rheumatol Online J 14(1):23. https://
doi.org/10.1186/312969-016-0085-5

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17(1):10-12. https://doi.
org/10.14806/ej.17.1.200

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Hol-
mes SP (2016) DADAZ2: high-resolution sample inference from
Illumina amplicon data. Nat Methods 13(7):581-583. https://doi.
org/10.1038/nmeth.3869

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,
Peplies J, Glockner FO (2013) The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools.
Nucleic Acids Res 41:D590-D596. https://doi.org/10.1093/nar/
gks1219

Hammer OHD, Ryan P (2001) PAST: paleontological statistics
software package for education and data analysis. Palacontol Elec-
tronica. http://palaco-electronica.org/2001_1/past/issuel_01.htm
Benjamini YHY (1995) Controling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc
B 57:289-300. https://doi.org/10.1111/j.2517-6161.1995.tb020
31.x

Oman A, Dicksved J, Engstrand L, Berntson L (2021) Fecal
microbiota in children with juvenile idiopathic arthritis treated
with methotrexate or etanercept. Pediatr Rheumatol Online J
19(1):55. https://doi.org/10.1186/s12969-021-00542-0
Gerasimidis K, Bertz M, Hanske L, Junick J, Biskou O, Aguil-
era M, Garrick V, Russell RK, Blaut M, McGrogan P, Edwards
CA (2014) Decline in presumptively protective gut bacterial spe-
cies and metabolites are paradoxically associated with disease
improvement in pediatric Crohn’s disease during enteral nutrition.
Inflamm Bowel Dis 20(5):861-871. https://doi.org/10.1097/MIB.
0000000000000023

Quince C, Ijaz UZ, Loman N, Eren AM, Saulnier D, Russell J,
Haig SJ, Calus ST, Quick J, Barclay A, Bertz M, Blaut M, Hansen
R, McGrogan P, Russell RK, Edwards CA, Gerasimidis K (2015)
Extensive modulation of the fecal metagenome in children with
Crohn’s disease during exclusive enteral nutrition. Am J Gastro-
enterol 110(12):1718-1729. https://doi.org/10.1038/ajg.2015.357
Miquel S, Martin R, Rossi O, Bermudez-Humaran LG, Chatel JM,
Sokol H, Thomas M, Wells JM, Langella P (2013) Faecalibacte-
rium prausnitzii and human intestinal health. Curr Opin Microbiol
16(3):255-261. https://doi.org/10.1016/j.mib.2013.06.003
Martin R, Bermudez-Humaran LG, Langella P (2018) Searching
for the Bacterial effector: the example of the multi-skilled com-
mensal bacterium Faecalibacterium prausnitzii. Front Microbiol
9:346. https://doi.org/10.3389/fmicb.2018.00346

Wang Y, Gao X, Ghozlane A, Hu H, Li X, Xiao Y, Li D, Yu G,
Zhang T (2018) Characteristics of faecal microbiota in paediat-
ric Crohn’s disease and their dynamic changes during infliximab
therapy. J Crohns Colitis 12(3):337-346. https://doi.org/10.1093/
ecco-jec/jjx153

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Stoll ML, Weiss PF, Weiss JE, Nigrovic PA, Edelheit BS, Bridges
SL Jr, Danila MI, Spencer CH, Punaro MG, Schikler K, Reiff A,
Kumar R, Cron RQ, Morrow CD, Lefkowitz EJ (2018) Age and
fecal microbial strain-specific differences in patients with spon-
dyloarthritis. Arthritis Res Ther 20(1):14. https://doi.org/10.1186/
s13075-018-1510-6

Jia W, Whitehead RN, Griffiths L, Dawson C, Waring RH, Rams-
den DB, Hunter JO, Cole JA (2010) Is the abundance of Faecali-
bacterium prausnitzii relevant to Crohn’s disease? FEMS Micro-
biol Lett 310(2):138-144. https://doi.org/10.1111/j.1574-6968.
2010.02057.x

O’Callaghan A, van Sinderen D (2016) Bifidobacteria and their
role as members of the human gut microbiota. Front Microbiol
7:925. https://doi.org/10.3389/fmicb.2016.00925

Plaza-Diaz J, Ruiz-Ojeda FJ, Vilchez-Padial LM, Gil A (2017)
Evidence of the anti-inflammatory effects of probiotics and syn-
biotics in intestinal chronic diseases. Nutrients. https://doi.org/10.
3390/nu9060555

Forbes JD, Chen CY, Knox NC, Marrie RA, El-Gabalawy H,
de Kievit T, Alfa M, Bernstein CN, Van Domselaar G (2018)
A comparative study of the gut microbiota in immune-mediated
inflammatory diseases-does a common dysbiosis exist? Microbi-
ome 6(1):221. https://doi.org/10.1186/s40168-018-0603-4

Li N, Li B, Guan J, Shi J, Evivie SE, Zhao L, Huo G, Wang S
(2020) Distinct effects of milks from various animal types on
infant fecal microbiota through in vitro fermentations. Front
Microbiol 11:580931. https://doi.org/10.3389/fmicb.2020.580931
Martinez I, Lattimer JM, Hubach KL, Case JA, Yang J, Weber CG,
Louk JA, Rose DJ, Kyureghian G, Peterson DA, Haub MD, Walter
J (2013) Gut microbiome composition is linked to whole grain-
induced immunological improvements. ISME J 7(2):269-280.
https://doi.org/10.1038/ismej.2012.104

Eriksen AK, Brunius C, Mazidi M, Hellstrom PM, Riserus U,
Iversen KN, Fristedt R, Sun L, Huang Y, Norskov NP, Knudsen
KEB, Kyro C, Olsen A, Tjonneland A, Dicksved J, Landberg R
(2020) Effects of whole-grain wheat, rye, and lignan supplementa-
tion on cardiometabolic risk factors in men with metabolic syn-
drome: a randomized crossover trial. Am J Clin Nutr 111(4):864—
876. https://doi.org/10.1093/ajcn/nqaa026

De Angelis M, Ferrocino I, Calabrese FM, De Filippis F, Cavallo
N, Siragusa S, Rampelli S, Di Cagno R, Rantsiou K, Vannini L,
Pellegrini N, Lazzi C, Turroni S, Lorusso N, Ventura M, Chieppa
M, Neviani E, Brigidi P, O’Toole PW, Ercolini D, Gobbetti M,
Cocolin L (2020) Diet influences the functions of the human intes-
tinal microbiome. Sci Rep 10(1):4247. https://doi.org/10.1038/
$41598-020-61192-y

Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De
Angelis M (2020) The controversial role of human gut lachno-
spiraceae. Microorganisms. https://doi.org/10.3390/microorgan
isms8040573

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1186/s12969-021-00577-3
https://doi.org/10.1186/s12969-021-00577-3
https://doi.org/10.1186/s12969-016-0085-5
https://doi.org/10.1186/s12969-016-0085-5
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1186/s12969-021-00542-0
https://doi.org/10.1097/MIB.0000000000000023
https://doi.org/10.1097/MIB.0000000000000023
https://doi.org/10.1038/ajg.2015.357
https://doi.org/10.1016/j.mib.2013.06.003
https://doi.org/10.3389/fmicb.2018.00346
https://doi.org/10.1093/ecco-jcc/jjx153
https://doi.org/10.1093/ecco-jcc/jjx153
https://doi.org/10.1186/s13075-018-1510-6
https://doi.org/10.1186/s13075-018-1510-6
https://doi.org/10.1111/j.1574-6968.2010.02057.x
https://doi.org/10.1111/j.1574-6968.2010.02057.x
https://doi.org/10.3389/fmicb.2016.00925
https://doi.org/10.3390/nu9060555
https://doi.org/10.3390/nu9060555
https://doi.org/10.1186/s40168-018-0603-4
https://doi.org/10.3389/fmicb.2020.580931
https://doi.org/10.1038/ismej.2012.104
https://doi.org/10.1093/ajcn/nqaa026
https://doi.org/10.1038/s41598-020-61192-y
https://doi.org/10.1038/s41598-020-61192-y
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/microorganisms8040573

	A Pilot Study Investigating Faecal Microbiota After Two Dietary Interventions in Children with Juvenile Idiopathic Arthritis
	Abstract
	Introduction
	Material and Methods
	Study Design
	Ethical Issues
	Study Visits
	Faecal Samples
	DNA Isolation
	DNA Amplification and Sequencing
	Sequencing Quality Control and Amplicon Sequencing Variant Picking
	Statistical Analyses

	Results
	Demographic Data
	Faecal Analyses

	Discussion
	Conclusion
	References




