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Systemic sclerosis is associated with a unique colonic microbial
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Abstract

Objective—To compare colonic microbial composition of systemic sclerosis (SSc) patients and
healthy controls and to determine whether certain microbial genera are associated with SSc-
gastrointestinal (GIT) symptoms.

Methods—Healthy controls were age- and gender-matched to adult SSc patients (1:1). Cecum
and sigmoid mucosal lavage samples were obtained during colonoscopy. The microbiota from
these samples were determined by Illumina HiSeq 2000 16S sequencing, and operational
taxonomic units were selected using the Greengenes database at 97% identity. Linear discriminant
analysis effect size was used to identify the genera that showed differential expression in SSc
versus controls. Differential expression analysis for sequence count data was used to identify
specific genera associated with GIT symptoms.

Results—Among 17 patients with SSc (88% Female; Median age 52.1 years), the mean (SD)
total GIT 2.0 score was 0.7 (0.6). Principal coordinate analysis illustrated significant microbial
community differences in SSc versus healthy controls in the cecum (p=0.001) and sigmoid
(0=0.001) regions. Similar to inflammatory disease states, SSc patients had decreased commensal
bacteria, such as Faecalibacterium and Clostridium, and increased pathobiont bacteria, such as
Fusobacterium and -y- Proteobacteria, compared with healthy controls. However, SSc patients had
increased Bifidobacteriumand Lactobacillus, which are typically reduced in inflammation. SSc
patients with moderate/severe GIT symptoms had decreased Bacteroides fragilis and increased
Fusobacterium compared with SSc patients with none/mild symptoms.

Corresponding Author: Elizabeth R. Volkmann, M.D., M.S., 1000 Veteran Avenue, Suite 32-59, Los Angeles, CA 90095,
evolkmann@mednet.ucla.edu, Telephone number: 310-825-5800; Fax number: 310-206-5088.
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Conclusions—This study demonstrates a distinct colonic microbial signature in SSc patients
compared with healthy controls. This unique ecological change may perpetuate immunological
aberrations and contribute to clinical manifestations of SSc.

INTRODUCTION

Gastrointestinal tract (GIT) dysfunction is a leading cause of morbidity and mortality in
patients with systemic sclerosis (SSc).[1, 2] Symptoms of lower GIT involvement, such as
constipation, abdominal pain, diarrhea, fecal incontinence, and weight loss, [3] are among
the most disruptive physical problems for SSc patients and compromise patient emotional
well-being and quality of life.[4, 5]

The etiology of SSc-related lower GIT dysfunction is largely unknown and no effective
treatment options exist.[2] Research findings exploring upper GIT dysfunction have
suggested that changes in the microvasculature, autonomic nervous system and immune
system may contribute to smooth muscle atrophy and gut wall fibrosis.[6, 7, 8] However,
more recent evidence demonstrates that bacterial overgrowth may lead to malabsorption in
these patients.[9] Marie et al. [3] reported that nearly half of all SSc patients (N=51) seen
consecutively in a single cohort study had a positive Ho/CH, breath test, and those with a
positive breath test had more severe GIT symptoms. Moreover, studies suggest that
treatment with antibiotic therapy reduces lower GIT symptoms.[3, 10] Thus, alterations in
microbial composition may potentially serve as a pathogenic factor in SSc-GIT dysfunction.

While no studies have examined whether imbalances in colonic microbial composition is a
feature of SSc, numerous studies have demonstrated that altered microbiota can induce or
intensify inflammation in other autoimmune diseases, such as inflammatory bowel disease
(IBD).[11] Substantial evidence suggests there is a decreased prevalence of beneficial
human commensal genera known to produce key energy metabolites and anti-inflammatory
molecules for mucosal health (e.g. Bacteroides, Bifidobacter, Clostridium type 1V and X1V),
with a concurrent rise in potential pathobiont genera (e.g., sulfate-reducing delta
Proteobacteria, invasive gamma Proteobacteria, Fusobacterium, and Actinobacteria) in
patients with IBD.[12] Moreover, specific bacterial phylotypes have been associated with
increases in local host inflammatory products through metaproteome analysis at the
mucosal-luminal interface in patients with IBD.[13, 14]

The present study aimed to investigate the hypothesis that the SSc disease state is associated
with altered colonic microbial composition at the human mucosal-luminal interface. This
study also aimed to examine the relationship between microbial composition and self-
reported symptoms of GIT dysfunction in SSc patients, as an initial test of the hypothesis
that certain microbial genera contribute to the GIT phenotype in SSc. If affirmed, such
genera could provide specific targets for intervention to avert or treat this important clinical
dimension of SSc.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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MATERIALS AND METHODS

Study Participants

Patient participants were consecutively enrolled from the outpatient Rheumatology clinic at
the University of California, Los Angeles (UCLA). Eligible participants included adult (age
>18 years) patients with SSc. Exclusion criteria included co-morbid inflammatory bowel
disease, contraindication to undergoing a colonoscopy and inability to withstand from taking
an antibiotic and a probiotic for at least 3 weeks prior to the colonoscopy. Patients were
allowed to continue taking proton pump inhibitor (PP1) medication because this agent exerts
minimal to negligible affects on colonic microbiota.[15]

Healthy control colonic lavage specimens were obtained from the UCLA Pathology
Microbiome Repository, which consists of specimens from 150 healthy adult patients. Age-
and gender-matched healthy controls were selected by block randomization from this
healthy cohort and matched with SSc patients in a 1:1 ratio.

The UCLA institutional review board (IRB) approved the study protocol (IRB
#13-0011089), and written informed consent was obtained from each participant.

Specimen procurement and pre-processing

Consented participants underwent a colonoscopy by certified gastroenterologists (BER,
JLK, TG). We opted to collect mucosal instead of fecal samples given the distinct and
predictable compositional differences between colonic microbiota and stool microbiota
demonstrated in prior studies.[16, 17] In addition, by collecting lavage specimens we could
ensure optimal preservation of the samples prior to pre-processing. Stool samples collection
would have required patients to transport samples from home, and if sample thawing
occurred, the integrity of the DNA and RNA would be compromised. We also planned to
collect colonic biopsies if there was a clinical indication for biopsy (i.e. ulceration, polyp,
etc). Please see Supplementary Methods File for complete details of specimen procurement
and pre-processing.

16S rRNA gene sequencing and microbial composition analysis

The microbiota from these samples were profiled by multiplex sequencing for bacterial
rRNA genes using an Hlumina HiSeq 2000 (lllumina, Inc., San Diego, CA, USA) sequence
technique. The exact details of this approach have been outlined in our prior publication,
[14] and are summarized in the Supplementary Methods File.

Assessment of GIT symptoms

In addition to collecting demographic and disease-related characteristics, participants
completed the GIT 2.0 on the morning of their colonoscopy, a valid measure of GIT
symptom severity in SSc patients.[18] The questionnaire consists of seven scales (e.g. reflux,
distention/bloating, diarrhea, fecal soilage, constipation, emotional well-being, and social
functioning). The GIT 2.0 can furthermore discriminate between self-rated severity (i.e.
none/mild versus moderate very severe/very severe disease) of GIT involvement,[18] and
correlates with objective measures of GIT dysfunction at least in the upper GIT. [19]

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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Participants also completed the health assessment questionnaire disability index (HAQ-DI),
a valid measure of self-reported function that is commonly used in SSc studies.[20]

Statistical and bioinformatics analyses

Statistical approach—Analyses were performed using R version 3.1.2. Mean and
standard deviation (SD) were used to describe continuous parametric data, whereas the
median and interquartile ranges (IR) were used to describe continuous nonparametric data.
All tests were 2-sided with an alpha level of 0.05. We used the false discovery rate (FDR) of
Benjamini and Hochberg,[21] and a significant association was defined at the FDR g-value
threshold <0.1. Cecum and sigmoid data were treated as separate datasets because prior
studies have demonstrated biogeographic differences in mucosal samples from these two
regions.[22] The Supplementary Methods File summarizes the exact details of the
bioinformatics analysis performed for this study.

RESULTS

Participant characteristics

Seventeen patients with SSc (88% female) underwent colonoscopy and completed the
questionnaire. Sigmoid and cecum lavage samples were obtained from all patients except for
one patient (only sigmoid obtained). None of the patients had a clinical indication for
colonic biopsy; therefore, these specimens were not collected. The median age was 52.1
years and the median disease duration was 6.6 years (Table 1). The mean GIT 2.0 scores
indicated moderate symptom severity [18] for the total score, as well as for the following
domains: distension/bloating, social functioning, emotional well-being, and constipation
(Table 1). The mean GIT 2.0 scores for fecal soilage and diarrhea indicated mild symptom
severity [18] (Table 1). Six patients (35%) had taken antibiotics in the 3 months preceding
the colonoscopy; the mean time between cessation of antibiotics and colonoscopy was 6.5
weeks (Range 4 weeks to 12 weeks). None of the patients used tobacco products, and only 5
consumed alcohol regularly within the past month (mean 2.8 [SD 1.5] servings of alcohol
per week).

SSc alters colonic microbial diversity

After the OTU selection process, a total of 5,442 and 5,593 species level OTUs were
generated from cecum and sigmoid dataset, respectively. The SSc and control participants
revealed similar alpha diversity (i.e. the complexity of microbial composition) by the
following metrics (cecum and sigmoid p-values): phylogenetic diversity (p=0.2; p=0.1);
observed species (p=0.4; p=0.2); and Shannon index (p=0.7; p=0.6). Compared with
controls, SSc participants exhibited a trend for increased alpha diversity using Chao 1
diversity metric (p=0.07; p=0.09, for the cecum and sigmoid regions, respectively). The
Chao 1 metric estimates OTU richness for microbial communities, [23] suggesting that the
SSc disease state is associated with a potential increase in bacterial diversity (Supplementary
Figure 1).

Beta diversity was then computed using unweighted and weighted Unifrac distance metrics
to determine whether SSc and control subjects differed in their microbial composition. The

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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PCoA visualization of unweighted Unifrac distances and Adonis analysis of this comparison
is shown in Figure 1. In both cecum (p=0.001) and sigmoid (p=0.001) regions, the microbial
composition among SSc patients was significantly different from healthy controls.
Significant differences between SSc patients and healthy subjects were also observed by
weighted Unifrac distances (Adonis values of p=0.03 and p=0.03 for cecum and sigmoid,
respectively).

Numerous colonic microbial genera are differentially abundant in SSc patients

To begin to define the compositional differences between SSc and healthy controls predicted
by the beta diversity analysis, the relative abundances of microbial composition at different
taxonomic levels were computed (Supplementary Figure 2). The three predominant phyla in
SSC samples were Bacteroidetes (cecum: 47.2%; sigmoid: 46.7%), Firmicutes (cecum:
23.3%; sigmoid: 25.2%), and Proteobacteria (cecum: 23.1%; sigmoid: 20.5%). Similar to
prior microbiome studies in IBD [24], the relative abundances of Verrucomicrobia,
Fusobacteriaand Actinobacteria were significantly increased in cecum samples from SSc
patients compared with controls (¢ =0.03, 0.02, 0.003, respectively).

The taxonomic differences between SSc and healthy controls at the genus level were
assessed by Linear Discriminant Analysis Effect Size (LefSe) multivariate analysis (to
correct for species abundance). The microbial enrichments and depletions reaching
significance after correction for multiple testing (g<0.1) are shown for the cecum (Figure 2)
and sigmoid (Figure 3).

In the cecum, commensal genera such as Faecalibacterium, Clostridium, and Rikenella were
depleted in SSc patients; whereas, Fusobacterium, Prevotella, and the uncommon -
Proteobacteria, Erwiniaand Trabsulsiella, were enriched in SSc patients. Similarly, in the
sigmoid, Faecalibacterium and Rikenellawere depleted in SSc patients; whereas, numerous
sigmoid genera, such as Fusobacterium and Prevotella were enriched in SSc patients.
Surprisingly, two commensal bacterial genera (Lactobacillus and Bifidobacterium) were
found in greater abundance in SSc patients compared with controls in both the sigmoid and
cecum regions (Figure 2, 3). These two species are typically reduced in abundance in
chronic inflammatory states, such as IBD.[25]

Specific microbial genera and species are associated with SSc GIT symptoms

Differential expression analysis for sequence count data (DESeq2) multivariate analysis was
used to identify microbial taxa associated with SSc GIT symptoms, including total GIT 2.0
score and individual domains (constipation, diarrhea, or distension/bloating). For the total
score or domains, patients were dichotomized into low (none-to-mild) or high (moderate to
severe) disease severity groups, and the fold-change and g-values for organisms reaching
significance were tabulated (Supplementary Table 1). The findings are visualized in Figure
4.

In both the cecum and sigmoid, Bacteroides fragilis was elevated in patients with mild
disease (total GIT score, diarrhea domain, and bloating/distension domain). Candidatus
Arthromitus had a similar association with mild disease, but only in the cecum. In the
cecum, the Clostridium genus also had a small, restricted association with diarrhea.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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Conversely, genus-level members of Fusobacterium and Actinobacillus were associated with
severe disease, but more prominently in the sigmoid region, and more heterogeneously with
respect to symptom domains.

Differences in microbial composition by SSc subtype

In an exploratory analysis, we compared beta diversity between patients with limited (N=11)
and diffuse (N=6) cutaneous disease. Differences in beta diversity were significant by
Adonis in the cecum (R2=0.13, p=0.011), but not in the sigmoid (R2=0.08, p=0.2) using
unweighted Unifrac distances. However, only a small amount of the variation (13%, as
reflected by the R2) could be explained by this subtype grouping for the cecum. LefSe
multivariate analysis was used to examine the taxonomic differences between limited and
diffuse patients at the genus level. After correction for multiple testing (¢<0.1),
Lactobacillus from the Firmicutes phylum was higher in patients with limited disease (LDA
2.7), while Paludibacter from the Bacteroidetes phylum was lower in patients with limited
disease (LDA 2.7), compared with patients with diffuse disease.

Altered metabolic proficiencies of microbiota in SSc patients

To compare the functional proficiencies of the microbial communities in SSc patients and
healthy controls, the imputed metagenomic composition for each patient was determined by
PICRUSt, and compared by calculating Bray-Curtis distance matrices and visualizing by
PCoA Differences in metagenomic content between SSc patients and healthy controls
reached significance by Adonis in both the cecum (R2= 0.9, p=0.016) and sigmoid (R2=0.9,
p=0.007) regions. Among all of imputed genes, 66 (cecum) and 89 (sigmoid) genes showed
significant differences (g<0.1) in SSc patients compared with healthy controls. Within these
significant genes, 41 (cecum) and 47 (sigmoid) genes were mapped to biological pathways
through the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database. (See
Supplementary Table 2 for a complete list of gene differences and their associated
pathways). SSc subjects had significantly decreased abundance of genes involved in amino
sugar and nucleotide sugar metabolism, such as N-acylneuraminate cytidylyltransferase
(K00983; log Linear Discriminant Analysis (LDA) effect size [g-value] in the cecum and
sigmoid, respectively: 2.0 [0.001] and 2.1 [0.001]) and beta-hexosaminidase (K12373; log
LDA effect size the in cecum and sigmoid, respectively: 2.4 [0.07] and 2.5 [0.04]), as well as
genes involved in sphingolipid metabolism, such as beta-galactosidase (K01190; log LDA
effect size in the cecum and sigmoid, respectively: 2.7 [0.02] and 2.8 [0.007]) (Figure 5).

Discussion

To our knowledge, the present study is the first to define colonic microbial composition in
adult patients with SSc. We report a unique colonic microbial consortium in SSc patients
characterized by significant increases in Fusobacterium, Prevotella and uncommon -
Proteobacteria (i.e. Erwinia, and Trabsulsielld) genera, and significant decreases in
Faecalibacterium and Clostridium genera, compared with age- and gender-matched healthy
controls. Interestingly, the SSc microbial consortium was also enriched with Lactobacillus
and Bifidobacterium, two commensal genera typically found in lower abundance in chronic
inflammatory states.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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Fusobacterium species represent a group of gram-negative anaerobes that principally
colonize the oral cavity. When present in the colon, these species are considered pathobionts
given their invasive nature and ability to translocate into the blood and contribute to systemic
processes, including bacteremia, organ abscesses, and possibly coronary artery disease.[26,
27] In patients with Crohn’s disease, Fusobacterium species are increased compared with
controls,[28] and human isolates of Fusobacterium varium induce colonic mucosal erosions
in mice.[29] Moreover, Fusobacterium isolates recovered from IBD patients demonstrate
enhanced invasive and pro-inflammatory properties in cultured epithelial cell assays than
those strains isolated from healthy individuals,[30] further implicating these species in the
pathogenesis of IBD.

Prevotella species were also enriched in SSc patients compared with healthy controls. These
genera are increased in patients with Crohn’s disease (CD), [31] as well as in patients with
new onset rheumatoid arthritis. [32]. A recent study found that mice colonized with
Prevotella copri, in particular, displayed increased inflammation in dextran sulfate sodium-
induced colitis. [32].

The observation that Fusobacterium and Prevotella are increased in SSc patients compared
with controls suggests that these species may play a role in the development of the SSc-GIT
phenotype. Additional studies are needed to understand their pathogenic potential in SSc.
Given the established link between diet and Prevotella, [33] there may be a future role for
dietary modifications in averting SSc-GIT symptoms.

The genera depleted in SSc, most notably Faecalibacteriumand Clostridium species, are
commensal organisms, which may protect the host from mucosal inflammation and against
colonization of pathogenic species.[34] For example, Faecalibacterium prausnitzii is
decreased in IBD.[35] Low levels of mucosa-associated Faecalibacterium prausnitzii are
associated with a higher risk of recurrent CD after surgery;[36] whereas recovery of
Faecalibacterium prausnitzii after relapse is associated with maintenance of clinical
remission of UC.[37] Moreover, Clostridium species have been found to induce the
expansion of regulatory T cells, thereby reducing intestinal inflammation.[38]

A surprising observation in this study was the significant increase in Bifidobacterium and
Lactobacillusin SSc patients compared with healthy controls. Lactobacillus was also higher
in patients with limited cutaneous sclerosis compared with diffuse cutaneous sclerosis,
although this latter finding should be interpreted with caution given the exploratory nature of
this subgroup analysis. While Bifidobacterium and Lactobacillus are typically depleted in
chronic inflammatory states, a recent study of patients with enthesitis-related arthritis (ERA)
also demonstrated an increase in Bifidobacterium in stool samples of children with ERA
compared with controls.[39]

Taken together, these findings suggest that our traditional views of “protective,” commensal
species need to be considered in the context of the underlying disease state. Given the
myriad of ways in which the phenotypic expression of SSc differs from other autoimmune
diseases, it is not surprising that the microbial consortium of SSc is rather unique. Moreover,
these findings may indicate that therapeutic efforts to increase commensal organisms in SSc

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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(i.e. current commercial probiotics, which commonly include Lactobacillus or Bifidobacter
sp.) should be targeted only towards select organisms.

In addition to identifying distinct features of the SSc colonic microbial consortium, the
present study elucidated relationships between specific microbial genera/species and the
SSc-GIT phenotype. Increased abundance of Fusobacterium and decreased abundance of
Bacteroides fragilis and Candidatus Arthromitus were associated with increased GIT
symptom severity, as measured by the total GIT 2.0 score, as well as many of the individual
GIT 2.0 domains reflecting lower GIT dysfunction. If Bacteroides fragilis and Candidatus
Arthromitus are validated in future studies to attenuate mucosal inflammation in SSc,
therapy directed at increasing the growth or activity of these species would merit testing to
ameliorate SSc-GIT symptoms.

Furthermore, the finding of differences in predicted metagenomic pathways between SSc
patients and healthy controls implies that the compositional shifts observed in this study
likely correspond to altered functional capacity of the SSc-associated microbiome relative to
a healthy microbiome. These pathways may mediate the relationship between microbiota
composition and GIT symptoms and warrant further investigation.

The nature and findings of the present study should be placed in the context of certain
limitations. First, the present study is cross-sectional. It is unclear whether the relationships
observed between specific genera and GIT symptoms persist with time. To address this
question, a 12-month longitudinal study of this cohort is currently underway. Second, there
may be a small batch effect as the high-throughput sequencing analysis was performed for
the control samples prior to the SSc samples. Given that the sequencing protocol was
identical for both groups and that fact that the differences observed between SSc and
controls were highly significant, a possible batch effect is unlikely to fully explain the
observed group differences.

Third, the sample size is small, and there is a need for a validation cohort. Despite the small
sample size, however, we observed several significant associations suggesting that the
present findings are unlikely to be due to chance alone. Fourth, because of this small sample
size and our concern for multiple hypothesis testing (type 1 error), we were unable to
perform meaningful subgroup analyses to compare the microbiota of patients with different
disease characteristics (i.e. Scl-70 antibody negative versus positive patients). Fifth, in the
future, it may be prudent to include a measure of intestinal motility. Since no valid measure
of colonic matility presently exists for SSc, this study did not assess colonic motility.
However, future studies of this nature may consider using potential surrogate measures of
maotility, such anal endosonography and/or manometry. This may help us understand the
effects (if any) intestinal dysmatility has on microbial composition in SSc, or vice versa.
Future studies may also assess dietary intake patterns to ascertain whether certain dietary
features (i.e. gluten-free, dairy-free, high animal protein, etc.) affect colonic microbiota.

An additional unanswered question of our study is whether the observed shifts in the colonic
microbial consortium in SSc are present prior to the development of SSc-GIT symptoms. A

Arthritis Rheumatol. Author manuscript; available in PMC 2017 August 18.
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study of patients with very early SSc, such as the VEDOSS cohort (40) may help to discern
whether these shifts contribute to the pathogenesis of SSc-GIT.

The present study also has several strengths. First, we obtained our specimens during
endoscopy at two colonic regions, which facilitates an in-depth investigation of the
microbiota at the mucosal-luminal surface, in contrast with stool collection. Second, we
ensured that all patients withheld medications, such as antibiotics and probiotics, at least 3
weeks prior to the colonoscopy, by verifying medications lists three times in the month
preceding the colonoscopy. Third, we employed sophisticated statistical analyses to correct
for multiple hypothesis testing using a relatively conservative FDR g¢-value. Fourth, our
multivariate method for comparing metagenomic data (LefSe) controlled for relative species
abundance and also provided an estimate of the magnitude of the observed difference.
Finally, by including a clinical outcome measure, we have endeavored to discern how
changes in the microbiome in SSc contribute to GIT symptoms.

To conclude, the present study utilized an innovative experimental strategy to identify
bacterial genera associated with SSc. Using an integrative bioinformatics approach, this
study also uncovered relationships between specific genera and clinical manifestations of
SSc, which merit further investigation. Interestingly, many of the gains and losses
appreciated in SSc are similar to those found in Crohn’s disease, a disease that like SSc has
both inflammatory and fibrosing pathological features. While future studies are needed to
validate and expand upon these findings, the present study is the first to identify a colonic
microbial consortium unique to the SSc disease state.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Significant differences in the beta diversity of the SSc and healthy samples as
demonstrated by principal coordinate analysis plots of the unweighted UniFrac distance for the
cecum (top panel: R2=0.9, P=0.001) and sigmoid (bottom panel: R2=0.9, P=0.001) samples

Each dot represents a sample from a SSc patient (open circle) or a healthy control (closed
circle). The p-values provided were calculated by analysis of variance using distance

matrices.
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Figure 2. Genus level taxa associated with SSc patients versus healthy subjects in the cecum
Linear Discriminant Analysis Effect Size (LefSe) multivariate analysis was used to identify

significant associations (¢<0.1), and Linear Discriminant Analysis (LDA) was used to

calculate the effect size for these associations. Negative and positive effect sizes denote

genera decreased (red) or increased (green) in SSc patients, respectively.
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Figure 3. Genus level taxa associated with SSc patients versus healthy subjects in the sigmoid
Linear Discriminant Analysis Effect Size (LefSe) multivariate analysis was used to identify

significant associations (¢<0.1), and Linear Discriminant Analysis (LDA) was used to

calculate the effect size for these associations. Negative and positive effect sizes denote

genera decreased (red) or increased (green) in SSc patients, respectively.
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Figure 4. Bacterial taxa associated with GIT disease score and domains
Patients were dichotomized into low (none-to-mild) or high (moderate to severe) disease

severity groups for the total GIT 2.0 score and its individual domains (constipation, diarrhea,
or distension/bloating). Differential expression analysis for sequence count data (DESeq?2)
multivariate analysis was used to identify microbial taxa significantly associated with low
versus high groups (Supplemental Table 1), and calculate the fold-change between groups.
Positive and negative factor-change scores denote organisms decreased and increased in high

disease severity groups, respectively. Legend provides color code of bacterial taxa; “g”

denotes genus-level taxa.
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Figure 5. Significant differences in metagenomic content between SSc patients and healthy
controls

Linear Discriminant Analysis Effect Size (LefSe) multivariate analysis was used to identify
significant associations (¢<0.1), and Linear Discriminant Analysis (LDA) was used to
calculate the effect size for these associations (Supplemental Table 2). Positive LDA score
indicates genes and pathways decreased in SSc patients compared with healthy controls.
Legend provides color code for cecum and sigmoid data. KEGG= Kyoto Encyclopedia of
Genes and Genomes.
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Table 1

Study patient characteristics

SSc participants (N=17) Healthy controls (N=17)

Age (years) Median 52.1 (IR 46.6, 63.0) 55.0 (IR 51.0, 62.0)
Female 15 (88.2%) 15 (88.2%)
Race
White 9 (52.9%) 15 (88.2%)
Asian 2 (11.8%) 0
More than one race 4 (23.5%) 0
Other 2 (11.8%) 1 (5.9%)
Hispanic 6 (35.3%) 1(5.9%)
Diffuse cutaneous disease 6 (35.3%) NA
SSc disease duration (years) Median 6.6 (IR 2.5, 16.4) NA
ANA positive 15/16 (93.8%) NA
Scl-70 positive 3/11 (27.3%)
Anti-centromere positive 5/11 (45.5%)
HRCT-Defined Interstitial Lung Disease 12/17 (70.6%) NA
Current prednisone use” 3 (17.6%) NA
Current other immunosuppressant use t 3 (17.6%) NA
Current use of probiotic oral supplement 1 3 (17.6%) NA
Current use of proton pump inhibitor 10 (58.8%)
Health Assessment Questionnaire (HAQ-DI), 0-3 Mean 1.1 (SD 0.6) NA
Gastrointestinal Tract (GIT) 2.0 Total Score § Mean 0.7 (0.6) NA
Distension/Bloating Score & Mean 1.5 (0.9) NA
Diarrhea Score/ Mean 0.4 (0.6) NA
Fecal Soilage Score Mean 0.5 (0.9) NA
Constipation Score § Mean 0.7 (0.7) NA
Emotional Well-Being Score § Mean 0.5 (0.7) NA
Social Functioning Score § Mean 0.5 (0.5) NA

Values are n (%), except where otherwise noted.

*Dosages of prednisone were <10 mg daily.

flmmunosuppressant medications included mycophenolate (N=1) and azathioprine (N=2).

’tProbiotics used included Culturelle (N=1), Florify (N=1), and Align (N=1). Probiotics were not consumed within 3 weeks of the colonoscopy.
§Score indicates moderate symptom severity.[18]

”Score indicates mild symptom severity.[18]
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