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Abstract

Objectives We have previously demonstrated that the phylum Actinobacteria, the family Lactobacillaceae, and the genus
Bifidobacterium increased in relative abundance of gut microbiota in patients with Behcet’s disease (BD). The phylum
Firmicutes and the class Clostridia were predominant in the feces of normal individuals. The class Clostridia includes short-
chain fatty acid—producing bacteria, important for the balance between regulatory T cells and helper T type 17 (Th17) cells. It is
possible that the bacterial compositional alteration causes low intestinal short-chain fatty acid concentrations, leading to skewed
immune functions in patients with BD.

Methods To test the hypothesis, we examined species composition and gene functions from the 16S rRNA data by utilizing
PICRUSt software.

Results We have shown that relative abundance of Eggerthella lenta, Acidaminococcus species, Lactobacillus
mucosae, Bifidobacterium bifidum, Lactobacillus iners, Streptococcus species, and Lactobacillus salivarius increased
significantly in patients with BD. Relative abundance of Megamonas hypermegale, Butyrivibrio species,
Streptococcus infantis, and Filifactor species increased significantly in normal individuals compared with BD pa-
tients. In the functional annotation analysis by PICRUSt, we found prevalent gene functions of the pentose phos-
phate pathway and the inosine monophosphate biosynthesis in patients with BD. The data suggested that BD gut
microbes altered nucleic acid and fatty acid synthesis.

Conclusions These compositional and functional alterations of gut microbes may accompany unfavorable molecular exchanges
between intestinal immunocompetent cells and gut microbes, and these interactions may have an association with the immune
aberration in patients with BD.

Keywords Behcet’s disease - Butyrivibrio species - Inosine monophosphate biosynthesis - Megamonas hypermegale - Pentose
phosphate pathway - Th17 cells

Introduction
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10067-018-04419-8) contains supplementary Behcet’s disease (BD) is a systemic inflammatory disease,
material, which is available to authorized users. characterized by recurrent attacks of oral aphthosis, genital
ulcers, skin lesions, and uveitis [1]. We have demonstrated
4" Noboru Suzuki that helper T type 17 (Th17) cells in peripheral blood in-
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tumor necrosis factor (TNF)«, IL1{3, and IL23, than those of
normal individuals [2].

Th17 cells [5] and regulatory T (Treg) cells [6] are shown
to differentiate in mucosa associated lymphoid tissue and have
a relationship with several specified gut microbes. Thus, it is
possible that mucosal lymphoid tissue activation and imbal-
ances in the composition of the gut microbiota, termed as
dysbiosis, occur in BD patients. Accordingly, we conducted
their metagenomic analysis.

We found that the family Lactobacillaceae and the genus
Bifidobacterium increased in relative abundance of gut mi-
crobes in patients with BD [7]. Relative abundance of the
order Clostridia decreased in BD patients. The order
Clostridia includes several bacteria which produce short-
chain fatty acids [8]. Short-chain fatty acids in the intestine
act as one of activators of Treg cells [8]. Recent studies sug-
gested that bacterial compositional and metabolic alterations
played a role in the immunological abnormalities shown in
autoimmune diseases through the inappropriate balance be-
tween Th17 cells and Treg cells [9]. Actually, a study reported
low concentrations of butyrate, a short-chain fatty acid, in the
feces of BD patients [10] with the characteristic gut microbe
compositional alterations [10, 11], which were similar to our
data in part. We observed that secretory IgA concentrations of
the feces of BD patients increased significantly and consid-
ered that the altered microbe composition may accompany the
immune aberration of the intestine in patients with BD [7].

Several microbial species were observed repeatedly in the
intestine of human autoimmune diseases. For example, the
species Eggerthella lenta was predominant in the gut micro-
biota of patients with immune disorders [12, 13].

Here, we obtained species information from a 16S rRNA
metagenomic data of BD patients from analysis by PICRUSt
software. Then, we evaluated bacterial gene functions of the
gut microbes of BD patients and compared the data with those
of normal individuals.

Materials and methods
16S rRNA metagenomic data

We analyzed the feces of 13 BD patients and 27 normal indi-
viduals to obtain 16S rRNA metagenomic data.
Demographical and clinical data of BD patients and normal
individuals were summarized in Table 1 [14].

This study was approved by the institutional review boards
of St. Marianna University School of Medicine and was regis-
tered with the University Hospital Medical Information
Network-Clinical Trials Registry (UMIN000018937). We con-
ducted this research according to the principles expressed in the
Declaration of Helsinki. We obtained written informed consent
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Table 1 Demographical and clinical characteristics of patients with
Behcet’s disease (BD) and normal individuals (NI) at the time of sample
collection

Characteristics Behcet’s disease Normal individuals
(BD, n=13) (NL n=27)

Age? 492447 528428
Men:women 5:8 12:15
Disease duration® 9.6+1.4 NA®
Disease activity parameters

BDAI*® 6.6+0.68 NA®

CRP? 0.34+0.15 NA®

Oral aphthosis, % 100 0

Skin involvement, % 85 0

Genital ulcers, % 46 0

Uveitis, % 31 0

Gastrointestinal system 15 0

involvement, %
Central nervous system 15 0
involvement, %

Arthritis, % 8 0
Medication

Colchicine, % 85 0

Steroid, % 38 0

Cyclosporine, % 15 0

Azathioprine, % 8 0

Methotrexate, % 0

Biologic agent, % 0

#Mean = standard error
® Behcet’s disease activity index [14]

¢Not applicable

from each individual prior to enrolment in the study. A copy of
the written consent is available for review upon request.

The study methods are described briefly as follows. We
extracted genomic DNA from fecal samples by treating them
with achromopeptidase (Wako Pure Chemical Industries,
Tokyo, Japan) [15]. We amplified the V1-V2 16S rRNA gene
region by primers according to the procedure reported previ-
ously [16]. We purified (AMPure XP magnetic purification
beads, Beckman Coulter, Tokyo, Japan), quantified (Agilent
2100 Bioanalyzer, Agilent Technologies Japan, Tokyo,
Japan), and sequenced the amplicon libraries (Ion Torrent
PGM, Life Technologies Japan, Tokyo, Japan).

Sequence analysis

We filtered the output file using QIIME software (version
1.9.1) with the default settings. We obtained an operational
taxonomic unit (OTU) table and estimated microbial alpha
and beta diversity using QIIME software.

At the same time, we obtained another OTU table by
QIIME software with a Greengenes-formatted database. We
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modified and predicted the file by using PICRUSt software
and obtained a taxonomy file and bacterial gene function files.
We have uploaded these files to the Galaxy (http://
huttenhower.sph.harvard.edu/galaxy) [17].

Statistical analysis

Uploaded files were analyzed statistically with LEfSe soft-
ware [18]. LEfSe (linear discriminant analysis (LDA) effect
size) was an algorithm to find significant differences in geno-
mic features (genes, pathways, or taxa) between patients and
normal individuals. The software used the nonparametric fac-
torial Kruskal-Wallis sum-rank test (P < 0.05) and, subse-
quently, a set of pairwise tests utilizing the Wilcoxon rank-
sum test. Then, LEfSe software used linear discriminant anal-
ysis to estimate the effect size of each differentially abundant
feature. Those features that showed a higher log LDA score
than 2.0 were chosen for subsequent plotting of output charts.
Consequently, LEfSe indicated those features that better dis-
criminate between BD patients and normal individuals with
the log LDA scores.

We compared demographical and clinical data of patients
and normal individuals with Wilcoxon rank-sum test or
Fisher’s exact test. We compared the OTU numbers and alpha
diversity index scores of the QIIME’s OTU table by using
Wilcoxon rank-sum test. A P value less than 0.05 was consid-
ered significant.

Results

Reduction of Megamonas hypermegale
and Butyrivibrio species in patients with BD

We estimated OTU numbers and alpha diversity (Chao 1 and
Shannon indexes) using QIIME software. Alpha diversity was
defined as the diversity within a community. We did not find
any significant differences in the OTU numbers and the index
scores between BD patients and normal individuals (Fig. 1a).

We next estimated beta diversity between BD patients and
normal individuals. Beta diversity was defined as the diversity
between communities. We obtained a figure of principal co-
ordinates analysis (PCoA) plots using a linear conversion for-
mula (Fig. 1b).

We evaluated the distance between the distribution of
BD patients and that of normal individuals using a two-
sided Student’s two-sample ¢ test and Monte Carlo permu-
tations of QIIME software. We obtained significant P
values of the beta diversity between BD patients and nor-
mal individuals in both weighted (quantitative) and un-
weighted (qualitative) UniFrac PCoA even after the
Bonferroni correction (both had P=0.01).
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Fig. 1 Comparison of bacterial diversity between BD patients and normal
individuals. a We counted OTU number (annotated species number) and
estimated alpha diversity score (Chao 1 and Shannon indexes) of each
sample. We compared the values between BD patients (BD) and normal
individuals (NI). We did not find significant differences in the parameters
between BD patients and normal individuals. These biological parameters
of BD patients and normal individuals were displayed with dot plots. A
box-plot and a mean level (green line) of each group of BD patients and
normal individuals were indicated. b We estimated beta diversity between
BD patients and normal individuals. We visualized the PCoA plots in a
three dimensional structure where three axes and each contribution ratio
were depicted. We evaluated the distance between the distribution of BD
patients and that of normal individuals using a two-sided Student’s two-
sample ¢ test and Monte Carlo permutations. We obtained a significant P
value of the beta diversity between BD patients and normal individuals in
both weighted and unweighted UniFrac PCoA. A panel of unweighted
UniFrac PCoA plots was shown

We analyzed the metagenomic data of bacterial taxa using
LEfSe analytic method to detect major taxon differences be-
tween BD patients and normal individuals. We found that
there were significant differences in relative abundance of 11
bacterial species between BD patients and normal individuals
(Table 2, Supplemental Figs. 1 and 2).
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Relative abundance of Eggerthella lenta,
Acidaminococcus species, Lactobacillus mucosae,
Bifidobacterium bifidum, Lactobacillus iners, Streptococcus
species, and Lactobacillus salivarius increased significantly
in patients with BD. Relative abundance of Megamonas
hypermegale, Butyrivibrio species, Streptococcus infantis,
and Filifactor species increased significantly in normal indi-
viduals compared with BD patients.

The 17 most abundant KEGG pathways in BD gut
microbiota

We analyzed the metagenomic data of bacterial taxa to detect
gene functional differences between BD patients and normal
individuals using PICRUSt software (Fig. 2 and Table 3).
Functional assignment was performed according to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way mapping database, which included molecular interaction/
reaction network diagrams for biological interpretation of
higher level systemic functions.

LEfSe plots described the 17 most abundant KEGG path-
ways (lipoic acid metabolism, naphthalene degradation, gly-
colysis/gluconeogenesis, meiosis-yeast, nicotinate and nico-
tinamide metabolism, fatty acid metabolism, tyrosine metab-
olism, homologous recombination, nucleotide excision repair,
phosphonate and phosphinate metabolism, retinol metabo-
lism, biosynthesis of unsaturated fatty acids, cysteine and me-
thionine metabolism, inositol phosphate metabolism, purine
metabolism, pyrimidine metabolism, and peroxisome
proliferator-activated receptor (PPAR) signaling pathway) in
BD patients. LEfSe plots described the 8 most abundant
KEGG pathways (bacterial chemotaxis, biotin metabolism,
porphyrin and chlorophyll metabolism, riboflavin metabo-
lism, sulfur relay system, beta-alanine metabolism, histidine
metabolism, and plant-pathogen interaction) in normal indi-
viduals. It was thus suggested that the 8 most abundant KEGG
pathways were reduced in patients with BD.

Abundant KEGG modules for pentose phosphate
pathway and inosine monophosphate biosynthesis
in patients with BD

We next assigned predicted gene functions of the
metagenomic data according to the KEGG module database
to identify prevalent modules in BD patients and normal indi-
viduals (Fig. 3, Tables 4 and 5). A KEGG module was a
collection of manually defined functional units and was uti-
lized for the annotation and biological interpretation of se-
quenced genomes.

Gut microbiota of BD patients demonstrated increased rel-
ative abundance of KEGG modules for inosine
monophosphate biosynthesis, lysine biosynthesis, methionine
biosynthesis, pentose phosphate pathway (pentose phosphate
cycle), pentose phosphate pathway-oxidative phase, pyrimi-
dine deoxyribonuleotide biosynthesis, putative spermidine/
putrescine transport system, glutamate transport system, me-
thionine degradation, and cellobiose transport system.

Gut microbiota of normal individuals demonstrated increased
relative abundance of KEGG modules for riboflavin biosynthe-
sis, F-type ATPase, ATP synthase, pantothenate biosynthesis,
gluconeogenesis, and shikimate pathway, suggesting that the 6
KEGG modules (riboflavin biosynthesis, F-type ATPase, ATP
synthase, pantothenate biosynthesis, gluconeogenesis, and shi-
kimate pathway) were defective in patients with BD.

Discussion

Recently, it was reported that alterations in metabolic path-
ways were crucial for T cell activation and differentiation
[19]. In the quiescent state, they generated adenosine triphos-
phate (ATP) through oxidative phosphorylation and fatty acid
oxidation in the mitochondria. Upregulation of aerobic gly-
colysis and pentose phosphate pathway and subsequent in-
crease of lipid/nucleic acid synthesis were important for the
T cell activation [19].

Memory T cells utilized oxidative phosphorylation and fat-
ty acid oxidation. In patients with rheumatoid arthritis, T cells

Table 2 PICRUSt/LEfSe showed

significant differences in relative Abundant species in BD patients

Abundant species in normal individuals

abundance of 11 bacterial species

between BD patients and normal Names LDA scores Names LDA scores
individuals
Eggerthella lenta 4.7 Megamonas hypermegale 4.7
Acidaminococcus species 4.5 Butyrivibrio species 3.8
Lactobacillus mucosae 43 Streptococcus infantis 34
Bifidobacterium bifidum 43 Filifactor species 3.0
Lactobacillus iners 4.1
Streptococcus species 34
Lactobacillus salivarius 2.8
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Fig. 2 Abundant KEGG
pathways in BD patients and
normal individuals. We assigned
predictive gene functions of the
metagenomic data according to
KEGG pathway mapping
database to identify predominant
pathways in BD patients (BD)
and normal individuals (NI).
LEfSe plots showed the 17 most
abundant KEGG pathways in BD
patients and the 8 most abundant
KEGG pathways in normal indi-
viduals (Table 3)

Table 3 Abundant KEGG
pathways in BD patients and
normal individuals

I BD HE NI

! ! !
k002030 Bactenal |_chemotaxis
k000780 Blotln metabolism
k000860 __Porphyrin_and_chlorophyll_metabolism
koOO?dO Ruboflavm metabolism
k004122 __Sulfur, relay system
koO0410 beta Alanme metabolism
koOOBdO_Hlstldlne_me!abohsm
ko04626__Plant_pathogen_interaction

k003320 PP)\R _signaling_| pa(hway

_ k000240 Pynmtdme metabohsm

k000230__Purine_metabolism .
k000562 Inosno! phospha(e metabohsm

k000270 Cystelne and me:hlomne metabolnsm
k001040 Blosynthem of | unsa!urated !atty acids
_ k000440 Phosphonate and phosphlnate metabolism
— k003420 Nucleotlde excisjon _repair
k000350__ Tyrosine_metabdlism
ko00071__Fatty_acid_metabolism
I 04113 Méiosis__yeast :
= ko00010__Glycolysis__! Gluconeogenesw
_ ko00785_Lioic_acid_metabolism
—3 —2 —1 1 2 3 4

ko00830__Retinol_metabolism
k003440_quologous_recpmbmauon
— k000760 __| Nlcotmate and mcotmamxde metabohsm
k000626__Naphthalene_ degradation
LDA SCORE (log 10)

o -

Abundant KEGG pathways in BD patients

Abundant KEGG pathways in normal individuals

KEGG pathway KEGG pathway names KEGG pathway KEGG pathway names
identifiers identifiers
ko00785 Lipoic acid metabolism ko02030 Bacterial chemotaxis
ko00626 Naphthalene degradation ko00780 Biotin metabolism
ko00010 Glycolysis/gluconeogenesis ko00860 Porphyrin and chlorophyll
metabolism
ko04113 Meiosis-yeast ko00740 Riboflavin metabolism
ko00760 Nicotinate and nicotinamide ko04122 Sulfur relay system
metabolism
ko00071 Fatty acid metabolism ko00410 Beta-alanine metabolism
ko00350 Tyrosine metabolism ko00340 Histidine metabolism
ko03440 Homologous recombination ko04626 Plant-pathogen interaction
ko03420 Nucleotide excision repair
ko00440 Phosphonate and phosphinate
metabolism
ko00830 Retinol metabolism
ko01040 Biosynthesis of unsaturated
fatty acids
ko00270 Cysteine and methionine
metabolism
ko00562 Inositol phosphate metabolism
ko00230 Purine metabolism
ko00240 Pyrimidine metabolism
ko03320 PPAR signaling pathway
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Fig. 3 Abundant KEGG modules
in BD patients and normal
individuals. We assigned
predicted gene functions
according to the KEGG module
database to identify prevalent
modules in BD patients (BD) and
normal individuals (NI). LEfSe
plots described the 10 most
abundant KEGG modules in BD
patients and the 6 most abundant
KEGG modules in normal indi-
viduals (Tables 4 and 5)

N BD HEE NI

| | '
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M00157 Ftype ATPase bactena
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-4 —3 —2 —1 O 1 2 3 4

failed to enhance glycolysis in the activation and metabolized
the glucose further towards pentose phosphate pathway [20]
whose enhancement was suggested to associate with Th17 cell
differentiation [21].

We found that gut microbiota of BD patients demonstrated
increased relative abundance of Eggerthella lenta,
Acidaminococcus species, Lactobacillus mucosae,
Bifidobacterium bifidum, Lactobacillus iners, Streptococcus
species, and Lactobacillus salivarius compared with normal
individuals (Table 2, Supplemental Figs. 1 and 2). Gut micro-
biota of normal individuals demonstrated increased relative
abundance of Megamonas hypermegale, Butyrivibrio species,
Streptococcus infantis, and Filifactor species (Table 2,
Supplemental Figs. 1 and 2).

Accumulating evidence suggested that a list of rheumatic
diseases seemed to have a relationship with gut microbiota

LDA SCORE (log 10)

perturbation [7, 10—12, 22-25]. Relative abundance of certain
bacterial species, such as Eggerthella lenta, Megamonas
hypermegale, and Prevotella copri, were often indicated as
disease-associated bacteria in several immunological disor-
ders [12, 13, 23, 25]. The data suggested that these species
seemed to have an association with pathophysiological pro-
cesses in the diseases [26, 27].

In patients with BD, bacterial compositional alteration of
saliva was reported using an array-based [28], mass
spectrometric-based [28], and 16S rRNA-based [29] analyses.
At the species level, relative abundance of Bifidobacterium
dentium, Prevotella histicola, and Haemophilus parainfluenzae
increased significantly in BD patients. The studies demonstrat-
ed that relative abundance of several Prevotella and Veillonella
species decreased significantly in the saliva of BD patients. The
authors discussed the relationships between abundant bacterial

Table 4 Abundant KEGG

modules in BD patients KEGG module

identifiers

KEGG module names

MO00048

Inosine monophosphate biosynthesis, 5-phosphoribosyl 1-diphosphate (PRPP)

+ glutamine — inosine monophosphate (IMP)

M00016
MO00017
M00004
M00006
MO00053

Lysine biosynthesis, succinyl-diaminopimelate (DAP) pathway, aspartate — lysine
Methionine biosynthesis, apartate — homoserine — methionine

Pentose phosphate pathway (pentose phosphate cycle)

Pentose phosphate pathway, oxidative phase, glucose 6P — ribulose 5P

Pyrimidine deoxyribonuleotide biosynthesis, cytidine diphosphate/cytidine triphosphate

(CDP/CTP) — 2'-deoxycytidine diphosphate/deoxycytidine triphosphate
(dCDP/dCTP), deoxythymidine 5’-diphosphate/deoxythymidine triphosphate
(dTDP/ATTP)

MO00193
MO00233
MO00035
MO00206

Putative spermidine/putrescine transport system
Glutamate transport system

Methionine degradation

Cellobiose transport system
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Table 5 Abundant KEGG

modules shown in normal KEGG module identifiers

KEGG module names

individuals
MO00125

Riboflavin biosynthesis, GTP — riboflavin/flavin mononucleotide (FMN)/flavin

adenine dinucleotide (FAD)

MO00157
MO00164
MO00119
MO00003
MO00022

F-type ATPase, prokaryotes and chloroplasts

ATP synthase

Pantothenate biosynthesis, valine/L-aspartate — pantothenate
Gluconeogenesis, oxaloacetate — fructose-6P

Shikimate pathway, phosphoenolpyruvate + erythrose-4P — chorismate

taxa in both patients and normal individuals and severity of
mucosal inflammation.

Rag2-deficient mice with depletion of T-bet gene developed
ulcerative colitis [30] and their gut bacterial composition
changed significantly [18]. The colitis severity correlated with
relative abundance of specific species [31]. The bacteria did not
induce the colitis by themselves, rather, they needed commen-
sal bacteria to provoke the colitis. The data suggested that un-
balanced microbial community, but not a specific single bacte-
rium, contributed to the immune aberration of the disease.

It has been shown that middle- and long-chain fatty acids
(LCFAs) supported Th1 and Th17 cell differentiation, where-
as short-chain fatty acids (SCFAs), such as propionate and
butyrate, led to increased Treg cell differentiation [32].
Indeed, dietary intake of a medium-chain fatty acid reversed
the Treg/Th17 cell ratio and aggravated the encephalomyelitis
[32]. The short-chain fatty acids delivered orally were sug-
gested to improve Treg/Th17 cell unbalance [32, 33].

We found that Megamonas and Butyrivibrio species were less
abundant in BD patients (Table 2, Supplemental Figs. 1 and 2).
The two species were suggested to produce short-chain fatty
acids, namely butyrate and propionate, in human intestine [34,
35]. Especially, researchers found that Butyrivibrio species, some
of which located in Clostridium cluster XIVa [36], were mucin-
adhering microbes and produced butyrate close to the epithelium
[37]. We speculated that reduction of the species appeared to
bring about the short-chain fatty acid depletion in the intestine,
possibly leading to the skewed T cell differentiation.

An increase of the short-chain fatty acid production by gut
microbes, or alternatively, oral delivery of short-chain fatty
acids, may become one of the candidates to ameliorate the
skewed T cell differentiation in patients with BD.

As a next step, it may be important to determine whether
the metabolic aberrations which affect Th17 cell/Treg cell
differentiation exist in the intestine of BD patients, and if so,
whether the metabolic processes relate to the gut bacterial
gene functions.

We observed significantly reduced relative abundance of
KEGG pathways and modules for several vitamin B syntheses
in BD patients compared with normal individuals (Figs. 2, 3,
Tables 3, 4, and 5). Indeed, vitamin B levels looked important
for T cell differentiation. Riboflavin metabolites were shown

to promote the differentiation of mucosal-associated invariant
T cells, a major subgroup of intestinal T cells and the loss of
which led to gut integrity defects in an autoimmune disease
[38]. Riboflavin is essential for extracellular electron shuttle
which is suggested to be important to produce short-chain
fatty acids in several gut microbes [39]. Conditional knockout
of multivitamin transporter gene was resulted in decreased
biotin and pantothenate uptake and caused persistent inflam-
mation of intestinal tract, especially in the cecum [40].

It may be hard to ascribe single metabolic defect to the
immune aberration observed in patients with BD. Rather, it
is possible that combined and/or summation of bacterial com-
positional alterations and host predisposition affect the subse-
quent differentiation of immune cells. Elucidation of such
interactions may be important for understanding the immune
aberration of BD.

In conclusion, we found that relative abundance of
Megamonas hypermegale and Butyrivibrio species signifi-
cantly decreased in the gut microbiota of BD patients com-
pared with normal individuals. It seems that altered gene func-
tions of lipid/nucleic acid metabolism have a relationship with
the immune aberration in patients with BD.
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