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ABSTRACT

Objective The relationship between autoimmune
diseases and the gut microbiome has been intensively
studied, and several autoimmunity-associated bacterial
taxa have been identified. However, much less is known
about the roles of the gut virome in autoimmune
diseases.

Methods Here, we performed a whole gut virome
analysis based on the shotgun sequencing of 476
Japanese which included patients with rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE),
multiple sclerosis and healthy control subjects.

Results Our case—control comparison of the viral
abundance revealed that crAss-like phages, which are
one of the main components of a healthy gut virome,
significantly decreased in the gut of the patients with
autoimmune disease, specifically the patients with RA
and SLE. In addition, Podoviridae significantly decreased
in the gut of the patients with SLE. To understand how
these viruses affected the bacteriome, we performed a
quantitative virus—bacterium association analysis and
clustered regularly interspaced short palindromic repeat-
based virus—bacterium interaction analysis. We identified
a symbiosis between Podoviridae and Faecalibacterium.
In addition, multiple bacterial targets of crAss-like
phages were identified (eg, Ruminococcus spp).
Conclusion Our data suggest that the gut virome

can affect our body either directly or via bacteria. Our
analyses have elucidated a previously missing part of the
autoimmunity-associated gut microbiome and presented
new candidates that contribute to the development of
autoimmune diseases.

INTRODUCTION

Despite the recent advancements in medicine, auto-
immune diseases are increasing in prevalence and
cause significant chronic morbidity and disability.! ?
Thus, their prevention and treatment are consid-
ered important goals for modern medicine. Many
autoimmune diseases are caused by complex
genetic and environmental factors and their inter-
actions. Genetic factors of autoimmune diseases
are being revealed through various studies, such as
the genome-wide association study.’ * Meanwhile,
environmental factors have also been identified;
however, much remain to be elucidated.

1,6,9,15

Key messages

What is already known about this subject?

» Alteration of the gut microbiome has been
linked to the pathogenesis of autoimmune
diseases such as rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE) and
multiple sclerosis. However, much less is
known about the roles of the gut virome in the
development of these diseases.

What does this study add?

» Our case—control comparison of the viral
abundance revealed that crAss-like phages,
which are one of the main components of a
healthy gut virome, significantly decreased
in the gut of the patients with autoimmune
disease, mainly in the patients with RA and SLE.

» Multiple bacterial targets of crAss-like phages
were identified (eg, Ruminococcus spp) from
the quantitative virus—bacterium association
analysis and clustered regularly interspaced
short palindromic repeat based virus—bacterium
interaction analysis.

» Podoviridae, which has a symbiotic relationship
to Faecalibacterium, significantly decreased in
the gut of the patients with SLE.

How might this impact on clinical practice or

future developments?

» Our analyses have elucidated a previously
missing part of the autoimmunity-associated
gut microbiome and presented new candidates
that contribute to the development of
autoimmune diseases.

The gut microbiome, which refers to the micro-
bial communities inhabiting our gut, substantially
influences our health via the immune and metabolic
systems.” Accompanied by advances in analytical
methods, many studies have been conducted to
reveal the complex relationships between the gut
microbiome and human diseases such as meta-
bolic disease,® cancer,/ and intestinal disease.®
As for autoimmune diseases, the gut microbiome
has been considered one of the most significant
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environmental contributors in their development. The reduced
diversity of the gut microbiome has been reported in various
autoimmune diseases, including rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE).” In addition, Prevotella
copri contributes to the pathogenesis of RA by activating the
immune response via Th17 cells.'

A large proportion of the gut microbiome is composed of
viruses."! The most predominant component of the gut virome
is bacteriophage. Bacteriophages infect bacteria and regulate the
gut bacteriome by either lysing their hosts or altering their phys-
iological function.'? In the patients with Clostridium difficile
infection, reconstruction of a healthy gut microbiome through
faecal transplantation was associated with the viral composi-
tion of the donor’s faeces,"*™" supporting the significant role
of bacteriophages in the maintenance of the gut microbiome. In
addition to their mediating effects, recent studies have suggested
that bacteriophages can directly affect our body via the immune
system.'® V7 Although it is evident that the gut virome has a
significant impact on the host’s physiology, many previous
metagenomic studies have ignored the viral component of the
gut microbiome due to technical difficulties.

As viruses require a host for growth and only a limited frac-
tion of the gut bacteriome can be cultured, most of the gut
virome cannot be evaluated through conventional laboratory
approaches. Although high-throughput sequencing technolo-
gies have enabled us to analyse unculturable microbes, its appli-
cation in virome analysis is not as straightforward. As viruses
do not have universal taxonomic markers such as bacterial 16S
ribosomal RNA (rRNA), gut virome studies have used virus-
like particle (VLP) sequencing or whole-metagenome shotgun
sequencing that require complex data processing and computa-
tional resources. In addition, the quantification methods used in
bacterial analysis are not transferable to virome analysis because
the current reference viral genome databases cover only a
limited fraction of the actual gut virome populations.'' Although
previous studies have quantified the gut viral abundance by
nucleotide-level alignment of individual reads or assembled
contigs to viral sequence databases, they could only evaluate
only a minority of the gut virome populations.'® ' Owing to the
extensive efforts in the development of computational methods
and algorithms optimised for viruses, a comprehensive view
of the gut virome in the physiological condition started to be
revealed.?? However, the utilisation of such viral-optimised
analysis methods remains limited.

In addition to the quantification of the gut viral abundance,
the identification of the viral host is necessary to reveal the effect
of bacteriophages on the gut microbial community. Although the
coabundance analysis was useful in conferring virus-host inter-
action, it was not sufficient to show the evidence of viral infec-
tions.** The whole-metagenome shotgun sequencing technology
has enabled us to identify infectious targets of the bacterio-
phages using clustered regularly interspaced short palindromic
repeat (CRISPR) sequences in the bacterial contigs. CRISPR and
CRISPR-associated (Cas) proteins comprise the CRISPR-Cas
system, a bacterial adaptive immune system against predators
such as bacteriophages.”® The CRISPR—Cas system intakes virus-
derived sequences as CRISPR spacers to efficiently eject the virus
during a subsequent infection. Thus, spacer sequences in the
CRISPR loci are the immune memory of bacteria and footprints
of a viral infection. Although the CRISPR analysis can provide
direct evidence of a viral infection, its application in a large-
scale virome analysis remains limited,”' ** possibly due to the
high sequencing and computational cost of a whole-metagenome
shotgun sequencing analysis.

A case—control discrepancy of the gut virome was reported
for only a limited number of intestinal,’ 2 and metabolic
diseases,”” ™ which included inflammatory bowel diseases
(IBD)." *° In IBD, the individual diversity of the gut virome
and gut bacteriome increased and decreased compared with
those of healthy subjects, respectively, suggesting the contribu-
tion of the gut virome to the disease pathogenesis. Most of the
current virome case—control studies were conducted in Western
countries,® 3° 31 or China.?*?® Given the differences in the
metagenomic landscape among different populations, the asso-
ciation between the gut virome and various diseases in diverse
populations should be studied. In addition, limited numbers of
studied diseases have hindered us from understanding the virus-
associated disease aetiologies and the role of bacteriophages as
healthy components of the gut microbiome. Although the impor-
tance of the gut microbial environment in systemic autoimmune
diseases such as RA, SLE and multiple sclerosis (MS) has been
well established,” *** there are few studies that have identified
case—control discrepancies of the gut virome in these diseases.’!
Therefore, a whole-virome analysis to reveal the associations
between bacteriophages and autoimmune diseases is warranted.

Here, we performed a whole gut virome analysis of 476 Japa-
nese which included the patients with RA (N = 111), SLE (N
= 47) and MS (N = 29) and healthy control (HC) subjects (N
= 289). This is the largest case—control comparison of the viral
abundance to date. We evaluated changes in the gut virome and
whether it was specific to each autoimmune disease or shared
across multiple autoimmune diseases. In addition, we performed
a virus—bacterium association analysis based on the abundance
data and a CRISPR-based virus—bacterium interaction analysis
to reveal the virus—bacterium interaction mediated by disease-
associated viruses identified in this study.

METHODS

Patient participation

The study included 112 patients with RA, 48 patients with
SLE, 29 patients with MS, and 296 HC subjects. Most of these
subjects were derived either from previous studies,®* ** or a
recently conducted SLE metagenome study.’* The patients with
RA were enrolled at the Osaka University Hospital, National
Hospital Organization Osaka Minami Medical Center, and Daini
Osaka Police Hospital. The patients with SLE were enrolled at
the Osaka University Hospital and National Hospital Organiza-
tion Osaka Minami Medical Center. The patients with MS were
enrolled at the Osaka University Hospital. The HC subjects were
enrolled at the Osaka University Graduate School of Medicine,
Osaka University Hospital, and National Hospital Organiza-
tion Osaka Minami Medical Center. The patients with RA were
diagnosed by physicians according to the American College of
Rheumatology and the European League Against Rheumatism
2010 criteria for RA.** The patients with SLE were diagnosed
by physicians according to the Systemic Lupus International
Collaborating Clinics classification criteria.’® The patients with
MS were diagnosed by physicians according to the McDonald
2010 criteria.’” The Disease Activity Score 28 using C reactive
protein,’® SLE Disease Activity Index” and Expanded Disability
Status Scale,*® were calculated to evaluate the activity of each
disease. The HC subjects had no personal history of the immune-
related diseases.

Participants with extreme diets (eg, strict vegetarians) were not
included in the dataset. All subjects provided written informed
consent before participation. Those who took antibiotics within
a month was reported as the patients treated with antibiotics.
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The characteristics of the subjects are shown in online supple-
mental table 1.

Sample collection and DNA extraction

Faecal samples were collected in tubes containing RNAlater
(Ambion). After the weights of the samples were measured,
RNAlater was added to produce 10-fold dilutions of homog-
enates. Faecal samples were stored at —80°C within 24 hours
after collection. Bacterial DNA was extracted according to a
previously described method. Briefly, 0.3 g glass beads (diam-
eter: 0.1 mm) (BioSpec) and 500 unL EDTA-Tris-saturated phenol
were added to the suspension, and the mixture was vortexed
vigorously using a FastPrep-24 (MP Biomedicals) at 5.0 power
level for 30 s. After centrifugation at 20 000 g for 5 min at 4°C,
400 uL of supernatant was collected. Subsequently, phenol-chlo-
roform extraction was performed, and 250 puL of supernatant
was subjected to isopropanol precipitation. Finally, DNAs were
suspended in 100 nL. EDTA-Tris buffer and stored at —20°C.

Whole-genome shotgun sequencing

A shotgun sequencing library was constructed using the KAPA
Hyper Prep Kit (KAPA Biosystems), and 150 bp paired-end reads
were generated on HiSeq 3000 and NovaSeq 6000 for sequencing
batches 1-4 and batch 3, respectively. The sequencing data from
the patients with RA in sequencing batch 3 were newly obtained
for this study, while other sequencing data were derived from
previous studies,’® ** or a recently conducted SLE metagenome
study.>* The sequence reads were converted to FASTQ format
using bcl2fastq (V.2.19).

Quality control of sequencing reads

We followed a series of steps to maximise the quality of the data-
sets. The main steps in the quality control (QC) process were as
follows: (1) trimming of low-quality bases, (2) identification and
masking of human reads and (3) removal of duplicated reads. We
marked duplicate reads using PRINSEQ-lite (V.0.20.4; -derep 1).
We trimmed the raw reads to clip [llumina adapters and cut-off
low-quality bases at both ends using the Trimmomatic (V.0.39;
parameters: ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10:8:
true LEADING:20 TRAILING:20 SLIDINGWINDOW:3:15
MINLEN:60). We discarded reads less than 60 bp in length after
trimming. Next, we performed duplicate removal by retaining
only the longest read among the duplicates with the same
sequences. As a final QC step, we aligned the quality-filtered
reads to the human reference genome (hg38) using bowtie2
(V.2.3.5) with default parameters and BMTagger (V.3.101). We
kept only the reads of which both paired ends failed to align in
either tool. The average QC-passed total sequencing base pairs
were 25.5, 7.8, 6.7, 7.0 and 8.3 Gb for sequencing batches 1-35.

Viral contig assembly and identification

The de novo assembly of the filtered paired-end reads into
contigs was conducted using MEGAHIT (V.1.2.9; parameters:
-min-contig-len 1500). Following assembly, contigs whose 5’
and 3’ terminals have =50 bp overlap were marked as circular
contigs. Linear contigs of =5 kbp and circular contigs of =1.5
kbp were subjected to VirSorter (V.1.0.6),*' and VirFinder
(V.1.1).** VirSorter was performed using both RefSeqABVir
(~db 1) and Viromes (—db 2) databases, and sequences sorted
as viruses with the ‘most confident’ prediction (category 1) or
’ikely’ prediction (category 2) were extracted for further anal-
ysis. Candidate viral sequences which were sorted as viruses with
‘possible’ prediction (category 3) by VirSorter were extracted

for further analysis if they had a VirFinder score of =0.7. The
remaining contigs were extracted for further analysis if they had
a VirFinder score of =0.9. To minimise the contamination of
bacterial sequences, we assessed the level of bacterial and viral
gene enrichments as previously described by Gregory et al.** We
used bacterial single-copy orthologs v4 (BUSCOv4; Vi4.1.2),%
to search the 124 bacterial single-copy orthologs registered in
BUSCO?’s database and then used the BUSCO provided HMM
score cutoffs to filter our results. Viral gene enrichment was
assessed using hmmsearch (V.3.1b2) of viral contigs against
the curated viral protein family (VPF) modules (https://portal.
nersc.gov/dna/microbial/prokpubs/EarthVirome_DP/),** and any
matches with E-value of <0.05 were defined as hits. We set a
threshold for contamination of bacterial genome at BUSCO hit/
number of VPF hits of >0.05. These procedures resulted in 93
254 total viral populations with an average length of 21.1 kbp.

Taxonomic annotation

We first classified viral contigs using complete viral RefSeq
genomes (downloaded in June 2020 containing 12 696 genomes;
https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) as reference.
Although the taxonomic information of viral genomes was based
on NCBI taxonomy data, family-level classification of crAssphage
(NC_024711.1) was modified to crAss-like phage according to
recent publications.”* The viral contig sequences were searched
against the reference genome using megablast (ncbi-blast-plus
V.2.10.1) with E-value of <107, nucleotide identity of >95%,
and coverage of contigs of =85%. Viral contigs were assigned
to higher than or equal to species level taxonomy based on the
megablast hit with the highest bit score. Contigs not assigned
taxonomy in the previous step based on the nucleotide-level
comparison proceeded to protein-level comparison for annota-
tion of family-level taxonomy. First, we predicted open reading
frames (ORFs) in viral contigs using MetaProdigal (V.2.6.3) with
-p meta option. To detect crAss-like phages, we compared ORFs
in viral contigs and crAss-like phage signature genes.”! * The
protein sequences of the polymerase (UGP_018) and terminase
(UGP_092) in crAssphage (NC_024711.1) were queried against
the ORFs in viral contigs using blastp with E-value of <107°
and alignment length of =350. Viral contigs with blastp hits
were assigned family-level taxonomic annotation as crAss-like
phage. Then, the remaining unclassified contigs were proceed to
taxonomic annotation by a voting system.”! ** The ORFs in the
viral contigs were searched against the RefSeq protein database
(downloaded in June 2020, containing 420 609 proteins) using
DIAMOND blastp (V.0.9.32.133) with E-value of <107°. Based
on the DIAMOND blastp hits with the highest bit score, the
ORFs were assigned taxonomic annotation. We then summarised
all the taxonomic assignments of the ORFs for each contig, and
assigned taxonomic information higher than or equal to family
level based on the majority taxonomic assignment among the
annotated ORFs. Viral contigs without a majority taxonomic
assignment were regarded as unclassified viruses. Viral contigs
with less than two annotated ORFs were also regarded as unclas-
sified viruses.

Abundance quantification of viruses

To calculate the raw abundances of the different viral populations
in each sample, the quality-checked reads from each sample were
mapped to the viral contigs recovered from the sample using
bowtie2 with default parameter. On average, 2.8% of the reads
were mapped to viral contigs. CoverM filter (V.0.4.0) was used
to remove the reads mapped at <95% nucleotide identity to the
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contigs. Then, CoverM trimmed_mean (parameters: --trim-min
0.05 --trim-max 0.95) was used to calculate the average read
depth across the viral populations. The read depth of each
viral population was divided by the total sequenced length of
each sample for normalisation. The normalised read depth of
each viral population was summed up by each sample, and the
normalised abundance of each clade was calculated at different
taxonomic ranks. Then, we detected outlier samples using prin-
cipal component analysis (PCA).

Abundance quantification of bacteria

After viral quantification, we extracted nonviral reads to obtain
bacterial abundance. We used the previously constructed bacte-
rial reference dataset composed of curated 7881 genomes.** The
filtered paired-end reads were aligned to the reference genome
dataset using bowtie2 with default parameters. For the multiple-
mapped reads, only the best possible alignment was selected by
the alignment scores. The number of reads that was mapped to
each genome was divided by the length of the genome. The value
of each genome was summed up by each sample, and the relative
abundance of each clade was calculated at six levels (L2: phylum,
L3: class, L4: order, LS: family, L6: genus, L7: species). Then,
we detected outlier samples using PCA. We removed one RA
sample, one SLE sample, and seven HC samples on the basis of
the PCA of the viral or bacterial raw abundance. The samples
that passed QC, including those derived from the 111 patients
with RA, 47 patients with SLE, 29 patients with MS, and 289
HC subjects, were used in the subsequent analysis.

Association test of the viral abundance for age and sex

We normalised the viral abundances using log transformation.
For family-level analysis, we retained only those clades that were
detected in all the sequencing batches and =10% of the samples.
The detection ratios of the QC-passed viral clades are indicated
in online supplemental table 2. An association test of the viral
abundance for age and sex was performed using the following
formula: abundance of the virus ~ age + sex+phenotype +
sequencing batch +total sequenced length. The Im() function in
the R (V.4.0.1) was used for linear regression, and the effect size
of the age and sex was evaluated.

Case—control comparison of the viral abundance

Case—control association tests were performed separately for
each standardised clade abundance using the glm() function in the
R (V.4.0.1), and the effect size of the viral abundance was evalu-
ated. Sequencing batches 1, 2 and 3 were used in the analysis for
RA(N__=111and N_ _ =111). Sequencing batches 2, 3 and §
were used in the analysis for SLE (N_ =201 and N =47).
Sequencing batch 4 was used in the analysis for MS (N_ =29
and N =74). We adopted sex, age, age?, sequencing batch,
and total sequenced length as covariates. To evaluate the effect
of potential confounding factors, we performed sub-analysis
with datasets from which (1) males were removed, (2) non-new
onset patients were removed, (3) those treated with antibiotics
were removed, (4) those treated with proton pump inhibitors
were removed, (5) those treated with steroids were removed or
(6) those treated for autoimmune diseases were removed. Case—
control comparisons per sequencing batch were performed to
evaluate the consistency of the results between the sequencing
batches. In addition, comparisons between (1) the treated
patients and the untreated patients, (2) the new onset patients
and the non-new onset patients, and (3) those with high vs low
disease activity were performed. For the meta-analysis, we used

the metafor (V.3.0-2) package for R. As the case—control anal-
yses for RA and SLE had significant overlap in control samples,
we used only subjects from sequencing batch five for SLE case—
control comparison. As for the random-effect model, ‘REML
option was used for fitting parameters with restricted maximum
likelihood estimation.

Virus—bacterium association analysis
We normalised the bacterial relative abundance profiles using log
transformation. We only retained the clades that were detected
in all the sequencing batches, in =20% of the samples, and with
an average relative abundance of more than 0.001% of the total
abundance. After selection, we assessed 802 clades (12 phyla,
24 classes, 35 orders, 74 families, 188 genera and 469 species).
Virus-bacterium association tests were performed separately
for each virus—bacterium pair using the Im function in the R, and
the effect size of the viral abundance was evaluated. We evalu-
ated the association between eight viral families that passed clade
QC described above and 802 bacterial clades. We adopted sex,
age, age?, sequencing batch, total sequenced length and the top
10 principal components of the normalised bacterial abundance
as covariates. The false discovery ratio was calculated using the
Benjamini-Hochberg procedure. To evaluate the effect of poten-
tial confounding factors, we performed subanalysis with datasets
from which (1) male subjects were removed, (2) non-new-onset
patients were removed, (3) only HC subjects were retained, (4)
those treated with antibiotics were removed, (5) those treated
with proton pump inhibitors were removed, (6) those treated
with steroids were removed and (7) those treated for autoim-
mune diseases were removed. In addition, disease-specific virus—
bacterium associations were evaluated by adding and evaluating
virus X RA, virus X SLE, or virus X MS terms in the regression
formula. The sample sets were defined as in the case—control
comparison for each disease.

Virus—bacterium interaction analysis based on CRISPR spacers
We extracted contigs of =5 kbp that were not classified as viral
ones. Then, we predicted the CRISPR sequences in these contigs
with MinCED (V.0.4.2),* using the “minNR 2’ parameter as
previously described.”? Contigs with CRISPR sequences were
queried against the bacterial reference genome using mega-
blast with E-value of <107'°, nucleotide identity of >95%,
and coverage of contigs of =90%. Based on the megablast hit
with the highest bit score, bacterial taxonomy was assigned to
the contigs. Spacers within the predicted CRISPR sequences
were queried against the viral contigs recovered from the same
sample using blastn with E-value of <107°, nucleotide identity
of >95%, and coverage of spacers of =90%. Based on the blastn
hit with the highest bit score, viral taxonomy was assigned to the
spacers. Then, we summarised the virus-bacterium pair based
on taxonomy annotated to the spacers and the contigs, collapsed
within each sample, and summarised across all the samples.

Patient and public involvement

This research was done without patient and public involve-
ment. Patients and public were not invited to comment on the
study design and were not consulted to develop patient relevant
outcomes or interpret the results.

RESULTS

Obtaining viral abundance data from 476 individuals

An overview of our study is shown in figure 1A. We obtained the
gut viral abundance from the shotgun sequencing data of 476
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Overview of the whole gut virome analysis of the autoimmune diseases. (A) Schematic illustration of the study design. Shotgun

sequencing data from HC subjects and patients with RA, SLE and MS were quality-checked and used for recovering viral contigs. The quality-checked
reads were then mapped to the viral contigs recovered from the same sample to obtain the per sample viral abundance, followed by case—control
comparison. Non-viral reads were mapped to a bacterial reference genome to obtain the per sample bacterial abundance. The viral and bacterial
abundance data were integrated for virus—bacterium association analysis. CRISPR sequences in nonviral contigs were identified, and sequence
similarity between spacer sequences and viral contigs recovered from the same sample was evaluated to identify the bacterial targets of the viruses.
(B) Viral relative abundance at the family level. Relative abundance profiles were constructed using whole-genome shotgun sequencing (N, =289,

N,=111,N,

SLE

faecal DNA samples (289 HC subjects, 111 patients with RA,
47 patients with SLE, and 29 patients with MS), which passed
stringent QC for sequencing reads and samples (online supple-
mental figure 1). Detailed characteristics of the participants are
shown in online supplemental table 1). Contigs were assem-
bled from the extracted QC sequencing reads and viral contigs.
To extract the viral contigs from the whole-genome shotgun
sequencing data, we first extracted candidate viral contigs
using VirSorter*! and VirFinder.** Subsequently, we removed

=47, N,,,=29). CRISPR, clustered regularly interspaced short palindromic repeat; HC, healthy control; MS, multiple sclerosis; RA,
rheumatoid arthritis; SLE, systemic lupus erythematosus; QC, quality control.

potential bacterial contaminations using BUSCO,* and VPFE,*
which resulted in 93,254 viral contigs (on average, 195.9 viral
contigs per sample). We then performed taxonomic annotation
and quantification of each viral contig. Among the viral contigs,
65,201 (69.9%) were classified at the family level. Consistent
with previous reports,'™ Caudovirales including Siphoviridae,
Myoviridae, Podoviridae, and unclassified Caudovirales were
highly abundant among the gut virome (average: 38.2%, 12.4%,
2.9% and 12.2%, respectively, figure 1B), suggesting that our
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Table 1 Result of the case—control comparison of the viral abundance for RA, SLE and MS
RA(N_ =111andN_ =111) SLE(N_ =47 and N _=201) MS (N__=29 and N =74)

Viruses Effect size SE P Effect size SE P Effect size SE P
Autographiviridae ~0.051 0.293 0.86 0.257 0338 0.45 -0.380 1.052 0.72
crAss-like phage —0.476 0.173 0.0060** -0.514 0.206 0.012* 0.425 0.488 0.38
Herelleviridae -0.579 0.320 0.070 -0.109 0.311 0.73 1.730 1.278 0.18
Microviridae 0.155 0.231 0.50 0.265 0.279 0.34 0.729 0.781 0.35
Myoviridae 0.657 0.672 0.33 -0.753 0.858 0.38 —1.908 2.108 0.37
Phycodnaviridae 0.049 0.256 0.85 -0.513 0.273 0.060 -0.004 0.567 0.99
Podoviridae -0.147 0.325 0.65 —0.947 0.330 0.0041** 0.893 1.041 0.39
Siphoviridae —-0.986 1.437 0.49 -3.710 1.487 0.013* —-0.667 3.417 0.85

*P<0.05, **P<0.01.
MS, multiple sclerosis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.

pipeline successfully reconstructed the viral abundance from
shotgun sequencing data. We performed QC of the family-level
viral clades for subsequent case—control comparison. After clade
QC, eight viral families were included in the association test.
We evaluated the effects of age and sex on the viral abundance
(online supplemental table 3). We found no significant associa-
tion between age and sex, and the viral abundances (P > 0.05 /
8 = 0.0063).

Case—control comparison of the viral abundance for RA, SLE
and MS

We performed case—control comparison for the eight QC-passed
viral families in each autoimmune disease (table 1) using logistic
regression with adjustments for age, age’, sex, sequencing batch
and total sequencing length. We found that crAss-like phages
significantly decreased in the metagenome of the patients with
RA (P < 0.05/ 8 = 0.0063; figure 2A). As the medications of
the patients with RA and male—female imbalance due to sex-
biased prevalence could be confounding factors, we performed
sub-analysis (online supplemental table 4). Even after removing
the male subjects, non-new onset patients, or those who took
medications such as proton pump inhibitors, steroids, and any
therapeutics for RA, crAss-like phages still decreased in the gut
metagenome of the patients with RA (effect size = —0.568,
-0.385, —0.441, -0.475 and —0.520, respectively). A compar-
ison within the case revealed that the abundance of crAss-like
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Figure 2 Case—control comparison of the crAss-like phage
abundance. (A) Case—control comparison of the crAss-like phage
abundance for RA (left), SLE (middle) and MS (right). Boxplots

indicate the median values (centre lines) and IQRs (box edges), with

the whiskers extending to the most extreme points within the range
between (lower quantile—(1.5xIQR)) and (upper quantile+(1.5xIQR)).
(B) Case—control comparison of the crAss-like phage abundance for
autoimmunity. Boxplots indicate the median values (centre lines) and
IQRs (box edges), with the whiskers extending to the most extreme
points within the range between (lower quantile—(1.5xIQR)) and (upper
quantile+(1.5xIQR)). HC, healthy control; MS, multiple sclerosis; RA,
rheumatoid arthritis; SLE, systemic lupus erythematosus.
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phages was not significantly affected by the treatment, timing of
the onset, disease activity of RA, and an inflammation marker
(effect size = —0.008, 0.313, 0.018, and 0.291; P = 0.97, 0.25,
0.93 and 0.20, respectively; online supplemental table 4). In the
gut metagenome of the patients with SLE, Podoviridae signifi-
cantly decreased (P < 0.05 / 8=0.0063; table 1), and crAss-like
phages nominally decreased (P < 0.05; figure 2A, table 1). Similar
to the patients with RA, we performed subanalysis. Although
the p values increased in the subanalysis, which was possibly
due to the decreased sample size, the effect size was consistent
(online supplemental table 5). Abundances of crAss-like phages
and Podoviridae in the gut metagenome of the patients with SLE
were not significantly affected by the treatment, timing of the
onset, and disease activity of SLE (effect size = —0.806, -0.593,
and —1.147; P = 0.15, 0.31 and 0.070 for crAss-like phages;
effect size = —0.289,-0.165 and 0.313; P = 0.63, 0.77 and 0.67
for Podoviridae, respectively; online supplemental table 5). None
of the viral families, including crAss-like phages that decreased
in the metagenome of both RA and SLE, were associated with
MS (figure 2A, table 1).

crAss-like phages decreased in the gut metagenome of
combined autoimmune diseases (RA, SLE and MS)
Autoimmune diseases are known to have a shared aetiology, and
a combined analysis of multiple autoimmune diseases is useful to
reveal the hidden aetiology with increased statistical power.*” A
shared gut microbial component of the autoimmune diseases had
been inferred from previous studies,” suggesting that there could
also be a virus-related and shared aetiology among autoimmune
diseases. Thus, we performed a combined case—control compar-
ison of the viral abundance in RA, SLE and MS.

Through logistic regression of all the HC subjects and the
combined autoimmune disease patients (RA, SLE and MS), we
found that the abundance of crAss-like phages was significantly
decreased in the combined autoimmune diseases (figure 2B,
table 2). In addition, Siphoviridae nominally decreased in the
combined autoimmune disease patients. We performed a sub-
analysis for certifying the significant association between crAss-
like phages and combined autoimmune diseases. Even after
removing male subjects, non-new-onset patients, or those who
took medications such as antibiotics, proton pump inhibi-
tors, steroids, and any therapeutics for combined autoimmune
diseases, crAss-like phages decreased with the consistent effect
sizes in the gut metagenome of the combined autoimmune
diseases patients (effect size = —0.464,-0.534, —0.387,-0.417,
—0.406 and —0.549, respectively; online supplemental table 6).
When sequencing batch 4 was removed, which was composed
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Table 2 Results of the case—control comparison of the viral
abundance for autoimmunity

Viruses Effect size SE P
Autographiviridae —0.048 0.216 0.82
crAss-like phage -0.429 0.126 6.5x1074**
Herelleviridae -0.253 0.220 0.25
Microviridae 0.193 0.176 0.27
Myoviridae 0.057 0.555 0.92
Phycodnaviridae -0.101 0.163 0.53
Podoviridae -0.304 0.219 0.17
Siphoviridae -1.956 0.959 0.041*

*P<0.05, **P<0.01.

of the HC subjects and the patients with MS, the association
became more significant compared with that of the analysis
with all the sequencing batches (effect size = —0.499, P = 2.6
x 107, suggesting that the significant decrease in crAss-like
phages was driven by RA and SLE. A comparison between the
treated patients and the untreated patients, or the new-onset
patients and the non-new onset patients showed no significant
difference (effect size = —0.087 and —0.007; P = 0.63 and 0.97,
respectively; online supplemental table 6). We also performed a
stratified analysis for each sequencing batch (sequencing batch
1-3). Although the p values became less significant due to the
decreased sample size, the directions of the effect were consis-
tent in all the batches, except for the batch 4 (online supple-
mental table 6), suggesting that the detected association was not
solely dependent on a specific dataset. To take into account of
the heterogeneity among the patients with RA, SLE and MS, we
performed a random-effect meta-analysis (online supplemental
table 7). Again, we detected a significant association between the
combined autoimmune diseases in a random-effect model (effect
size = —0.392, P = 0.0047) with non-significant heterogeneity
among the diseases (O = 3.03 and P for Q = 0.22). The Asso-
ciation between crAss-like phages and combined autoimmune
diseases was detected even when the viral abundance was trans-
formed to the absence/presence state (effect size = —0.734, P =
0.0046; online supplemental table 8), which was independent of
the quantification or normalisation method.

In our study, some crAss-like phages, which had nucleotide-
level similarity to NC_024711.1, were identified. We performed
a case—control comparison of NC _024711.1 and other crAss-
like phages in combined autoimmune diseases, which revealed
that both NC 024711.1 and other crAss-like phages were
significantly associated with combined autoimmune diseases (P
= 0.0036 and P = 0.019, respectively; online supplemental table
9). crAss-like phages are bacteriophages that were first identi-
fied in 2014 by the cross-assembly of metagenomic sequencing
reads.”* crAss-like phages occupy a significant part of the healthy
gut virome, however, associations between crAss-like phages and
human diseases have never been identified before.*®

Virus—bacterium coabundance between Podoviridae and
Faecalibacterium

Bacteriophages impact our health via virus-bacterium interac-
tions by modifying the abundance or function of their bacterial
hosts. Thus, a comprehensive study of virus-bacterium inter-
actions is useful for revealing the virus-related pathologies of
autoimmune diseases. We performed a virus—bacterium associ-
ation analysis based on the abundance of viruses and bacteria
of all samples. We first quantified bacterial abundance using
nonviral reads (figure 1A, online supplemental figure 2). For
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Figure 3  Virus—bacterium coabundances in the gut microbiome.
(A) A quantile—quantile plot of the p values from the virus—bacterium
association analysis (P, .. ). The x-axis indicates —log, (P, .
bacerum) €XPected from uniform distribution. The y-axis indicates the
observed —log, (P, ... ).The diagonal dashed line represents y=x,
which corresponds to the null hypothesis. The horizontal red dashed
line indicates the Bonferroni-corrected threshold (¢=0.05), and the
brown dashed line indicates the FDR threshold (FDR=0.05) calculated
using the Benjamini-Hochberg method. The virus—bacterium pairs
with p value of less than the Bonferroni thresholds are plotted as
red dots. The virus—bacterium pairs with FDR of <0.05 are plotted
as brown dots, and other virus—bacterium pairs are plotted as black
dots. (B) A volcano plot. The x-axis indicates the effect sizes in linear
regression. The y-axis, horizontal dashed lines and dot colours are
the same as in (A). (C) Case—control comparison of the Podoviridae
abundance for SLE. Boxplots indicate the median values (centre
lines) and IQRs (box edges), with the whiskers extending to the most
extreme points within the range between (lower quantile—(1.5xIQR))
and (upper quantile+(1.5xIQR)). (D Case—control comparison of the
Faecalibacterium spp and Faecalibacterium cf. prausnitzii abundance
for SLE. Boxplots indicate the median values (centre lines) and IQRs
(box edges), with the whiskers extending to the most extreme points
within the range between (lower quantile—(1.5xIQR)) and (upper
quantile+(1.5xIQRY)). FDR, false discovery rate; HC, healthy control; SLE,
systemic lupus erythematosus.

the virus—bacterium association analysis, we performed bacterial
clade QC. Afterward, 802 bacterial clades were included in the
association test.

We then evaluated the association between 8 viral families and
802 bacterial clades. The abundances of two bacterial clades,
Faecalibacterium spp and Faecalibacterium cf. prausnitzii, were
positively correlated with the abundance of Podoviridae (effect
size = 0.192,P, , . =7.9 x 10~* for Faecalibacterium spp;

. virus-bacterium —6 R
effect size = 0.186, P. . = 1.3 X 107° for Faecalibac-

K 2 [ virus-bacterium :
terium. cf. prausnitzii; figure 3A,B, online supplemental table
10, online supplemental file, satisfying a Bonferroni threshold
(@<o0.05;P, = <78X 107°). Even after removing male
. virus-bacterium . . . .
subjects, non-new onset patients, patients with combined auto-
immune disease, or those who took medications such as antibi-
otics, proton pump inhibitors, steroids and any therapeutics for
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autoimmune diseases, the effect sizes of the association between
Faecalibacterium and Podoviridae were consistent (online
supplemental table 11). We performed a virus-bacterium associ-
ation analysis with interaction term between diseases and viruses
(online supplemental figure 3) but could not find significant
disease-specific virus—bacterium associations.

In our case—control comparison of the viral abundance,
Podoviridae significantly decreased in the gut metagenome of
the patients with SLE (figure 3C, table 1). Faecalibacterium
spp and Faecalibacterium cf. prausnitzii, which were positively
associated with Podoviridae, also tended to decrease in the gut
metagenome of the patients with SLE (figure 3D). In the bacte-
rial microbiome-wide association study of the patients with SLE
conducted with subsets of dataset,>* (sequencing batch 1, 2 and
5), nonsignificant decreases of Faecalibacterium spp and Faecal-
ibacterium cf. prausnitzii were observed (effect size = —0.04, P
= 0.79; effect size = —0.11, P = 0.50, respectively). Faecalibac-
terium is a bacterial genus that produces short-chain fatty acids,
which have anti-inflammatory activity.*” Changes in the abun-
dance of Faecalibacterium were frequently reported in immune-
related diseases or conditions.**! Thus, our results suggest that
the symbiotic network of Podoviridae and Faecalibacterium is
important to keep the homeostasis of the immune system.

Viral host detection based on the CRISPR spacer sequences
To further elucidate the virus-bacterium interaction, we anal-
ysed the CRISPR loci of bacterial contigs from all samples to
identify infected viruses. We detected 28,347 CRISPR spacer
sequences in total (601.6 CRISPR spacer sequences per sample)
by MinCED,* and identified 834 unique taxonomically anno-
tated virus—host interactions from 476 gut metagenomes (online
supplemental figure 4).

Consistent to a previous report of healthy Japanese subjects,’!
virus—host interactions involving Caudovirales such as Siphovir-
idae, Myoviridae and Podoviridae were frequently observed. In
addition, the preferred hosts for each viral family (eg, Podovir-
idae preferentially infected to Actinobacteria, including Bifido-
bacterium, while Myoviridae did not; Microviridae preferentially
infected Bacteroidetes, including Bacteroides compared with
other viral families.) were also consistent with the previous
report.

To reveal the autoimmunity-associated virus—bacterium
interaction, we searched the hosts of autoimmunity-associated
viruses, crAss-like phages and Podoviridae (table 3). As for Podo-
viridae, interactions with Faecalibacteriums spp via the CRISPR-
Cas system were identified from a sample. Manual inspection
of a contig supporting this interaction revealed that this contig
aligned to a common region across Faecalibacterium (Faecalibac-
terium spp, Faecalibacterium cf. prausnitzii and Faecalibacterium
prausnitzii). This result supported the symbiotic relationship

between Podoviridae and Faecalibacterium, which was suggested
from the quantitative virus—bacterium association analysis.

It was reported that crAss-like phages, especially those closely
related to the first identified crAssphage (NC_024711.1),
infected to Bacteroidetes from multiple lines of evidence.**** In
our results, a predicted host of NC_024711.1 was Bacteroides
vulgatus. Fujimoto et al reported that crAss-like phages, which
had nucleotide-level similarity to NC_024711.1 dominantly
infected to Bacteroidetes, while other crAss-like phages could
also infect to Firmicutes.*" In line with those results, crAss-like
phages other than NC 024711.1 infected to various Firmic-
utes in our analysis. Among the virus—host interaction involving
crAss-like phages, Ruminococcus spp infection was detected in
three independent samples. Therefore, we detected several hosts
of the bacteriophages which decreased in autoimmune diseases.

DISCUSSION
In this study, we revealed the disease-associated changes in the
gut virome of Japanese patients with autoimmune disease. We
discovered that crAss-like phages in the gut of the patients with
RA and SLE decreased. In addition, Podoviridae also decreased
in the gut of the patients with SLE. Our quantitative virus—
bacterium association analyses revealed a positive correlation
between Podoviridae and Faecalibacterium abundance, and a
direct evidence of phage infection was provided by CRISPR-
based virus—bacterium interaction analyses. Bacteroidetes and
Firmicutes, including Ruminococcus spp, were detected as hosts
of crAss-like phages, which were replicated in multiple samples.
We obtained the gut virome abundance data from the whole-
metagenome shotgun sequencing reads. The resulting viral
composition, characterised by highly abundant Caudovirales
that included Siphoviridae, Myoviridae and Podoviridae, was
mostly consistent with previous reports,”' > indicating that our
pipeline successfully worked. This result indicated the advan-
tage of whole-metagenome shotgun sequencing, which could be
applied for both the bacteriome and virome analyses. Although
the abundance of Microviridae was lower than that in previous
studies performed with VLP-sequencing,*' * it could have been
due to the difference in the sequencing and library preparation
methods. In the gut, bacteriophages can present as both free viral
particles and infecting phages, which include prophages that are
integrated in the bacterial genome. Although VLP-sequencing
mainly captures free viral particles, whole-metagenome shotgun
sequencing mainly captures actively infecting viruses and inte-
grated prophages.!’ In addition, the quantification of single-
stranded DNA (ssDNA) viruses including Microviridae was
strongly dependent on the library preparation method, specif-
ically the multiple displacement amplification technique that
is frequently used in VLP-sequencing and is known to show
an upward bias of the ssDNA viral abundance.'! Gregory et al

Table 3

Infectious targets of crAss-like phages and Podoviridae based on CRISPR spacers

Viruses Bacteria

crAss-like phage
Podoviridae

Anaerobutyricum hallij, Bacteroides vulgatus, Blautia spp, Dorea longicatena, Eubacterium limosum, Ruminococcus spp
Akkermansia muciniphila, Akkermansia spp, Bacteroides plebeius, Bacteroides spp, Bacteroides uniformis, Bifidobacterium adolescentis, Bifidobacterium

bifidum, Bifidobacterium dentium, Bifidobacterium longum, Bifidobacterium pseudocatenulatum, Bifidobacterium spp, Blautia obeum, Blautia spp,
Burkholderiales bacterium, Clostridium clostridioforme, Clostridium spp, Coprobacillus spp, Dialister invisus, Eubacterium rectale, Eubacterium ventriosum,
Faecalibacterium spp, Firmicutes bacterium, Gemmiger formicilis, Holdemanella biformis, Parabacteroides distasonis, Parabacteroides merdae, Porphyromonas
spp, Ruminococcus bromij, Ruminococcus spp, Streptococcus salivarius, Sutterella wadsworthensis

The underlined bacteria have the following characteristics (see DISCUSSION): (1) Bacteroides vulgatus belongs to phylum Bacteroidetes which is a predicted host of crAss-like
phages.?* (2) Ruminococcus spp belongs to genus Ruminococcus which is reported to be associated with RA,> and SLE.** (3) Faecalibacterium spp is also associated with

Podoviridae also in the quantitative virus—bacterium association analysis and reported to be associated with autoimmune diseases.

CRISPR, clustered regularly interspaced short palindromic repeat.
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compared the VLP-sequencing data with the shotgun sequencing
data and revealed that there was a large difference in the recon-
structed viral populations, and the composition of ssDNA viruses
recovered from shotgun sequencing data was consistently lower
than that of the VLP-sequencing data.?? In this study, we used
the whole-metagenome shotgun sequencing method to focus
on actively infecting phages and prophages which occupied the
majority of the gut virome and actively participated in virus—
bacterium interaction. However, future integrative analysis with
VLP-sequencing might result in a more comprehensive under-
standing of the gut virome.

crAssphage was first identified in 2014 through the cross-
assembly of shotgun sequencing data from multiple faecal
samples.”* Although crAssphage frequently existed in the healthy
gut virome, a large fraction of its proteins showed no similarity
to the already existing viral proteins. Thus, crAssphage was
considered as comprising a new taxonomic group (crAss-like
phage). Since crAss-like phages were discovered, its biological
features including taxonomy and infective hosts,’*>® were exten-
sively studied. Although the identification of the association
between crAssphage and disease states have been warranted,
there had been no reports on the relationships between crAss-
phage and diseases.*® In this study, the case—control comparison
of the viral abundance revealed that the amount of crAss-like
phages decreased in the gut metagenome of the patients with
autoimmune diseases, specifically RA and SLE. In our dataset,
the sample size of the patients with MS was relatively smaller
than those with RA and SLE due to the rarity of MS in Japan.
Therefore, future larger-scale analyses are warranted to analyse
the relationship between viruses and MS with more statistical
power.

In our CRISPR-based virus-bacterium interaction analysis,
Bacteroides vulgatus and various Firmicutes were detected as
hosts of crAss-like phages. Bacteroidetes was originally predicted
as a host of crAss-like phages by read co-occurrence analysis
and CRISPR-based analysis.** Thus, the detection of Bacteroides
vulgatus as a host of crAssphage (NC_024711.1) was reasonable.
Although not detected in our CRISPR-based analysis, Bacte-
roides intestinalis was also a host of crAss-like phages, which was
validated in vitro.”® In our quantitative virus-bacterium interac-
tion analysis, the abundance of crAss-like phages and Bacteroides
intestinalis was nominally correlated (effect size = 0.083 and

rschacerium = 0-0078), suggesting that the virus—host relation-
ship between the two existed in our dataset. In previous bacterial
case—control comparisons,*”** there was a nominally significant
negative association between Bacteroides intestinalis and SLE
(effect size = —0.412, P = 0.033), although the association was
not significant for RA (effect size = 0.056, P = 0.76).

Among the virus—host interactions involving crAss-like phages,
infection of Ruminococcus spp was detected in three indepen-
dent samples. The 16S rRNA sequencing study of the patients
with SLE,’* and autoimmune arthritis model mice,” suggested
that the genus Ruminococcus was related to the SLE and RA
pathology.

Recently, Yutin et al performed a CRISPR-based virus—host
association analysis for crAss-like phages,’® and Prevotella
copri, which associated with the pathogenesis of RA,* was also
detected as a host of crAss-like phages. Collectively, these results
have suggested that crAss-like phages are associated with the
autoimmune diseases, possibly via the interaction with the host’s
immune system or the modulation of the biological properties
of various bacteria. As the abundance of crAss-like phages is
highly variable across different areas,’” studies in other areas are
warranted.

Podoviridae significantly decreased in the gut metagenome of
the patients with SLE. Both the quantitative and CRISPR-based
virus-bacterium interaction analyses suggested the symbiosis of
Podoviridae and Faecalibacterium. Faecalibacterium is known
beneficial bacteria as they produce short-chain fatty acids.’®
Among the Faecalibacterium, Faecalibacterium prausnitzii was
the most intensively studied and is associated with many condi-
tions, including autoimmune diseases.’’ °' While there is the
possibility that the decreased Podoviridae affected Faecalibacte-
rium and vice versa, the effect of Podoviridae on the biological
property of Faecalibacterium should be experimentally tested in
the future.

In summary, our whole gut virome case—control study revealed
a previously unknown part of the link between the gut micro-
biome and autoimmune diseases. A comprehensive understating
of the gut microbiome, including its virome, deepens the insights
of the pathogenesis of autoimmune diseases.
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