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Introduction: Inflammatory bowel disease (IBD) is thought to arise from an abnormal immune
response to the gut microbiota. IBD is associated with altered intestinal microbial community
structure and functionality, which may contribute to inflammation and complications such as
colon cancer and liver disease. Primary sclerosing cholangitis (PSC) is associated with IBD and
markedly increases the risk of colon cancer. We hypothesized that secondary bile acids, which
are products of microbial metabolism, are increased in PSC patients.

Aim: Here, we profiled the fecal bile acid composition and gut microbiota of participants with
IBD and PSC, as well as healthy participants. Additionally, we tested the effects of vancomycin,
a proposed treatment for PSC, on gut microbiota and fecal bile acid composition in participants
with IBD and PSC.

Methods: Fecal samples were collected from patients with IBD, IBD/PSC and healthy controls
and fecal bile acids and DNA for microbiota analysis were extracted. Fecal bile acids were aver-
aged over a seven-day period. For subjects with IBD/PSC, oral vancomycin 500mg twice a day
was administered and fecal samples were collected for up to eleven weeks.

Results: Participants with IBD and PSC had less fecal microbial diversity at baseline relative
to controls. While there was some evidence of altered conversion of cholic acid to deoxycholic
acid, no substantial differences were found in the fecal bile acid profiles of patients with IBD and
PSC (n=7) compared to IBD alone (n=8) or healthy controls (n=8). Oral vancomycin was a potent
inhibitor of secondary bile acid production in participants with IBD and PSC, particularly deoxy-
cholic acid, although no changes in liver biochemistry patterns were noted over a two week period.
Conclusion: In this pilot study, bile acid profiles were overall similar among patients with IBD
and PSC, IBD alone, and healthy controls. Microbiota diversity was reduced in those with PSC
and IBD compared to IBD alone or healthy controls.

Keywords: vancomycin, Crohn’s disease, ulcerative colitis

Introduction

Inflammatory bowel disease (IBD) is thought to arise from an abnormal immune
response to the intestinal microbiota in a genetically susceptible host.! In North
America and Europe, 3%—-5% of people with IBD will develop primary sclerosing
cholangitis (PSC), a chronic inflammatory and fibrotic disease of the biliary tree.?
Those with IBD who develop PSC commonly have a unique phenotype of IBD
characterized by pancolitis with rectal sparing and backwash ileitis.> The presence
of PSC in the setting of IBD with colonic involvement dramatically increases the
risk of colonic dysplasia and cancer, particularly in the right colon.* The etiology for
this PSC/IBD phenotype, including the increased risk of colon cancer, is unknown,
although intestinal microbiota may have a role. Intestinal microbiota modifies
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primary bile acids, which are produced in the liver, into
secondary bile acids, lithocholic acid (LCA), and deoxy-
cholic acid (DCA) in the colon. These secondary bile acids
are thought to be carcinogenic in the colon, and increased
concentrations of secondary bile acids have been noted
in the stool of patients with ulcerative colitis (UC) and
dysplasia or cancer.>”’ Secondary bile acids also stimulate
the bile acid receptor TGRS (LCA > DCA), which results
in suppression of the inflammatory response to microbial
ligands, such as lipopolysaccharide (LPS),? potentially
leading to a lesser degree of immunosurveillance against
neoplasms.

The microbiota of PSC patients was previously
shown to have increased abundances of Blautia and
Barnesiellaceae.’ Certain Blautia species can carry out the
7-alpha-dehydroxylation of primary bile acids, a key step
in their conversion to secondary bile acids.!” Therefore, we
hypothesized that patients with PSC/IBD have increased fecal
concentrations of secondary bile acids, which contributes
to the unique phenotype of PSC/IBD and increased colon
cancer risk. Here, we measured the fecal bacterial and bile
acid composition of IBD patients with and without PSC,
as well as healthy controls. In addition, we investigated the
effects of oral vancomycin on fecal microbiota and bile acid
composition in patients with PSC/IBD. Oral vancomycin is
known to target bacterial taxa involved in secondary bile acid
metabolism and is currently being studied for a potential
therapeutic benefit for PSC patients.'"!

Methods

Participant population

Participants were recruited from the University of
Minnesota IBD program and liver clinics. All participants
were provided, and signed, written informed consent and
the study was conducted in accordance with the Declara-
tion of Helsinki. After informed consent, all participants’
histories were reviewed to determine IBD history, medi-
cation history, and PSC history. Those with a history of
decompensated cirrhosis, antibiotic or probiotic use within
30 days, or ursodiol use within 30 days were excluded.
Disease activity was measured with the Harvey—Bradshaw
Index for Crohn’s disease and partial Mayo score for ulcer-
ative colitis. Serum and fecal samples were collected from
all participants at baseline. Serum samples were analyzed
for liver function tests through the hospital’s clinical labo-
ratory. Participants with PSC/IBD were asked to partici-
pate in a longitudinal study consisting of 2 weeks of oral
vancomycin (500 mg twice a day) and up to 3 months of
bi-weekly fecal collections. To account for daily variations

of bile acids, participants were asked to collect 3—5 stool
samples over the course of one week. Stool was frozen at
—80°C for microbiota and bile acid analysis. The study
was approved by the institutional review board at the
University of Minnesota and registered at clinicaltrials.
gov (NCT02464020).

Bile acid analysis

Raw fecal samples were suspended in 50% acetonitrile in 1:1
(W/v) ratio. Samples were vortexed until no large particles
remained and sonicated for 10 minutes to release bile acids
into solution. The suspension was centrifuged at 18,000x g
for 10 minutes, and 100 pL of supernatant was removed and
transferred to a HPLC vial. Vials were stored at —20°C until
use. A 5 pL sample was injected into an Acuity ultraperfor-
mance LC-MS system (Waters, Milford, MA, USA) for bile
acid detection. Instrument parameters were set as previously
described.!* Mass chromatograms and spectral data were
analyzed using the MassLynx software package (Version 4.1;
Waters). The concentration of bile acids in the fecal samples
was determined using the peak areas of individual bile acids
and a standard curve generated using samples of known
bile acid concentration. Samples were normalized using a
CB-radiolabeled glycolic acid internal standard.

Microbiota analysis
DNA was extracted from ~250 mg of thawed fecal
samples using the DNeasy PowerSoil Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s
instructions. The V5-V6 hypervariable regions of the
16S rRNA gene were amplified using the BSF784/1064
primer set.' Paired-end sequencing was done at a read length
of 300 nucleotides (nt) on the Illumina MiSeq platform by
the University of Minnesota Genomics Center (UMGC)
using their dual-index method."> Negative (sterile water)
controls were included through amplification and sequencing.
Sequence data are deposited in the Sequence Read Archive
at NCBI under BioProject accession number SRP071855.
Sequence data were quality trimmed and processed using
the mothur software Version 1.35.1'% and paired-end joined
using the fastg-join software.!” Data were quality trimmed with
a minimum score of 35 over a 50 nt window, no ambiguous
bases, <8 nt homopolymers, and <2 nt mismatches to primer
sequences. High-quality sequences were aligned against the
SILVA database Version 132!%! and screened using a 2%
precluster, and chimeras were identified and removed using
UCHIME Version 4.2.40.2' Operational taxonomic units
(OTUs) were clustered at 97% similarity using complete-link-
age clustering, and taxonomic classifications were performed
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using the Ribosomal Database Project Version 16 database.”
For statistical comparisons, samples were rarefied to 15,000
sequence reads in all samples by random subsample.? Oligo-
typing analyses were done to assess the distribution of potential
species and strains among the genera Blautia and Bacteroides,
due to significant changes in these genera among the PSC/IBD
population, using recommended best practices.*

The Good’s coverage estimate, Shannon index,? and
abundance-based coverage estimate (ACE) of richness?
were calculated in mothur. Differences in beta diversity
(between samples) were evaluated using Bray—Curtis
dissimilarity matrices?’ and visualized using ordination
by principal coordinates analysis.?® Taxa associated with
ordination position were determined by Spearman correla-
tion. Differences in community composition were evaluated
statistically using analysis of similarity (ANOSIM),* and
OTUs that differed significantly between study arms were
determined using linear discriminant analysis of effect
sizes (LEfSe).3

Statistical analysis

The average bile acid concentration over a 1-week collection
period was used as a point estimate for each participant. Due
to the severe right skew of the data, bile acid concentra-
tions were log transformed for statistical testing. Individual
comparisons were performed by using the Student’s 7-test.
Pairwise comparisons among groups were performed with
Tukey—Kramer honestly significant difference (HSD).
ANOVA was used for repeat measures over time. Proportions
of bile acids were compared with Wilcoxon signed rank test.
All statistical tests were done with 0=0.05.

Table | Baseline characteristics

Results
Altered bile acid profile in PSC
with IBD

Seven participants with PSC/IBD, eight participants
with IBD alone, and eight healthy control individuals
were recruited to the study (Table 1). Participants with PSC
were older than both the IBD and healthy control groups and
had a longer duration of IBD than did the IBD alone group.

There were no significant differences between the
overall fecal concentrations of total bile acids in the
stool of participants with IBD (median: 4.413 mM,
IQR: 2,785 mM, 10,819 mM) vs PSC/IBD (median:
3,189 mM, IQR: 554 mM, 4,075 mM), or either group
compared to controls (median: 3,253 mM, IQR: 2,857 mM,
4,533 mM). Contrary to our original hypothesis,
secondary bile acid concentrations in the stool of patients
with PSC/IBD were less than those with IBD alone (Figure
1A). As expected, DCA was the predominant secondary bile
acid in the stool among all groups, although there was no
significant difference in the concentration of DCA among
groups (Figure 1B). Patients with IBD demonstrated a small
but significant increase in LCA compared to those with PSC/
IBD (P=0.03). No other differences in the predominant bile
acids were noted. The proportional composition of fecal bile
acids is shown in Table 2. Overall, the proportion of primary
to secondary bile acids was similar among the three groups.
Relative to controls, those with PSC/IBD had a higher percent
of CA, as a percentage of total fecal bile acids, and thus a
lower ratio of DCA/CA (P<0.05).

When stratified by endoscopic activity, there was a
decrease in the total fecal bile acid content among those

Characteristics Controls (n=8) IBD (n=8) PSC/IBD (n=7)
Age (years), median (IQR) 25 (22, 26) 27 (24, 43) 49 (35, 58)
Male 5 (63%) 4 (50%) 3 (43%)
BMI, median (IQR) 22 (20, 25) 22 (20, 24) 26 (24, 30)
Short Form Health Survey (SF-36), median (IQR) 87 (73.8, 97.5) 57 (41.3,77.5) 55 (15, 70)
Age at diagnosis of IBD 26 (15, 40) 25 (11, 66)
IBD type

Crohn’s disease 4 (50%) I (14%)

Ulcerative colitis 4 (50%) 6 (86%)
Current immunosuppression

Thiopurine 3 (37.5%) I (16%)

Anti-TNF 4 (50%) 2 (33%)

Anti-integrin 2 (25%) I (16%)
Active disease on endoscopy 5 (62.5%) 5(71.5%)

Mild 2 (40%) 5 (100%)

Moderate 1 (20%) 0

Severe 2 (40%) 0

Abbreviations: IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis; TNF, tumor necrosis factor.
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Figure | (A) Primary and secondary average fecal bile acid concentrations. (B) Four primary fecal bile acid average concentrations. LCA concentration in IBD was
significantly greater than that in PSC/IBD (P=0.03); no other significant differences were noted.
Abbreviations: IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis.

Table 2 Proportional changes in major fecal bile acids

Attribute Control IBD PSC/IBD
Median values

Total BA 3,253.2 4,413.1 3,189.7

Primary 266.7 383.9 292.8
CA (% of total) 0.02 0.2 2.2°
CDA (% of total) 83 6.8 8.9

Secondary 3,003.9 3,201.1 2,896.6
LCA (% of total) 10.9 7.5 6.9
DCA (% of total) 78.2 85.2 71

Secondary/primary ratio 10.8 8.1 13.1
LCA/CDA 1.6 | |
DCA/CA 3,565.7 503 42.3*

Note: *P<0.05 for bolded groups in row, Wilcoxon test.

Abbreviations: CA, cholic acid; CDA, chenodeoxycholic acid; DCA, deoxycholic
acid; IBD, inflammatory bowel disease; LCA, lithocholic acid; PSC, primary
sclerosing cholangitis.

with active inflammation compared to no active inflam-
mation (P=0.03). Examination of predominant bile acids
did not reveal specific changes but rather showed a global
proportional decrease. Two participants had a history of
low grade dysplasia. Their fecal bile acid patterns demon-
strated a substantial decrease in DCA concentration, and
thus of the total fecal bile acid pool, although this was not
statistically significant (P=0.15).

Microbiota between PSC/IBD, IBD, and
healthy controls

Alpha diversity was significantly different between the
groups, as measured by the Shannon index (Figure 2A).
Diversity was significantly higher in control and IBD
patient samples than those of IBD/PSC participants.

Notably, participants with PSC/IBD had a decrease in
the relative abundance of Bacteroides compared to the
control and IBD populations. Control, IBD, and PSC/IBD
sample communities were comprised primarily Blautia,
Bacteroides, Roseburia, and Faecalibacterium (Figure
2B). Megamonas had a higher relative abundance in PSC
samples; however, this genus was found almost exclusively
in a single participant (P<0.001). Greater relative abun-
dances of Clostridium XIVa and Faecalibacterium were
associated predominately with control samples.

Active endoscopic inflammation was associated
with decreases in Bacteroides, Clostridium X1Va, and
Akkermansia and with an increase in Roseburia, Faecalibac-
terium, Megamonas, and Alistipes (Table 3). Among those
with IBD alone, active inflammation was associated with a
significant increase in the abundance of Faecalibacterium
and Sutterella and a decreased abundance of Akkermansia
and Streptococcus. Among participants with PSC/IBD, those
with active inflammation demonstrated a significant increase
in the abundance of Roseburia, Megamonas, Streptococcus,
Bifidobacterium, and Acidaminococcus, with a decreased
abundance of Bacteroides, Clostridium X1Va, Akkermansia,
and Sutterella (Table 4). Individuals with a history of low
grade dysplasia had a significant decrease in the abundance
of Bacteroides and an increase in the abundance of Roseburia
and Alistipes (Table 5).

Clinical and bile acid response to
vancomycin

Six of the seven participants with PSC/IBD were administered
a 2 weeks course of oral vancomycin, 500 mg twice a day.
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Notes: (A) Diversity, as measured by the Shannon index (SE). Differing letters at top of bar graph indicate P<0.05. (B) Relative abundance of predominant genera.
Abbreviations: IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis; SE, Standard error.

Table 3 Distribution of abundant genera in baseline samples grouped by endoscopic inflammation vs control

Endoscopic inflammation Active Inactive Control Fisher’s test
Bacteroides 15.9+2.0 B 345829 A 29.0+1.5 A <0.001
Blautia 7710 A 88t1.2 A 4.2+0.5B 0.003
Roseburia 10.4£1.7 A 2.7+0.6 B 4.1£03 B <0.001
Faecalibacterium 8.1t1.0A 1.4+0.5B 6.910.8 A <0.001
Clostridium XIVa 5.7+0.6 B 8.9+1.4 A 8.310.9 AB 0.019
Megamonas 1.5+0.6 A 0.0+0.0 B 0.0+0.0 B 0.022
Akkermansia 03102 B 7.812.1 A 1.7£04 B <0.001
Sutterella 07102 A 0.9+0.3 A 0.310.1 A 0.137
EscherichialShigella 0.610.2 A 1.1£0.3 A 0.1+0.0 B 0.001
Parabacteroides 43108 A 3.120.8 A 3.0+0.3 A 0.283
Streptococcus 1.840.4 A 1.840.7 AB 0.4+0.1 B 0.012
Bifidobacterium 2.810.6 A 1.1£0.3 A 1.3+0.3 A 0.034
Clostridium X 2.7+05 A 1.8£0.3 AB 0.8+0.1 B 0.001
Acidaminococcus 0.1+0.0 B 0.0+0.0 B 07102 A <0.001
Alistipes 4.1£0.8 A 1.1£03 B 3.810.4 A 0.005

Notes: ANOVA analyses were performed for each row. Sample groups sharing the same letter did not differ significantly (P<0.05) by Tukey’s post hoc test.

Two of the six (33%) demonstrated at least a 10% reduction
in alanine aminotransferase (ALT) levels at 2 weeks, while
two of the six (33%) demonstrated at least a 10% increase
in ALT. There were no substantial changes in other liver
enzymes or indicators of disease activity (data not shown).

Secondary bile acids were significantly reduced in par-
ticipants receiving oral vancomycin and for the first week
after vancomycin treatment ceased (Figure 3A and B); these
returned to baseline values by 3 weeks after vancomycin
cessation (ANOVA, P=0.006). Secondary bile acid composi-
tion analysis indicated that only DCA changed significantly
over time (ANOVA, P=0.0004). LCA concentrations dem-
onstrated a non-significant decrease on vancomycin, with a
somewhat delayed return to pre-vancomycin concentrations.

No associations with fecal bile acid concentration and change
in ALT were identified.

Microbiota changes following vancomycin
Administration of vancomycin significantly decreased alpha
diversity, which recovered 3 weeks after cessation of van-
comycin (Figure 4A). All predominant genera decreased in
relative abundance on vancomycin (Figure 4B), apart from a
single participant who developed an increase in the relative
abundance of Megamonas on vancomycin. The communities
recovering from vancomycin treatment (weeks 5-11) were
significantly different from baseline (P<0.001). In particu-
lar, substantial differences were noted in the recovery of two
genera: Blautia and Bacteroides (Figure 4C and D). OTUs
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Table 4 Distribution of abundant genera in baseline samples grouped by disease and endoscopic inflammation vs controls

Arm IBD IBD + PSC Fisher’s test
Endoscopic inflammation Active Inactive Active Inactive P-value
Bacteroides 22823 B 32.9+4.9 AB 10.8+2.7 C 36719 A <0.001
Blautia 9.3+22 A 1119 A 6.6:0.8 A 5.6:04 A 0.086
Roseburia 8.6xl.1 AB 29+1.0B 11.7£2.8 A 2.6+0.5B 0.008
Faecalibacterium 8.6+1.5A 03102 C 7.8%1.3 AB 3.0£1.0B <0.001
Clostridium XIVa 72%1.1 B 54109 B 45+0.7 B 13.8+2.3 A <0.001
Megamonas 0.0+0.0 B 0.0£0.0 B 2.6x1.1 A 0.0£0.0 B 0.020
Akkermansia 0.0+0.0 B 6.212.6 A 0.5+0.3 B 9.913.6 A <0.001
Sutterella 1.3£0.5 A 0.0+0.0 B 0.2+0.1 B 22106 A <0.001
Escherichial Shigella 0.8+0.2 A 1.1:0.4 A 0.5+0.2 A 1.2+0.6 A 0.399
Parabacteroides 7314 A 4.5+1.2 AB 2.110.6 B 12404 B <0.001
Streptococcus 0.4+0.2 B 3.0£1.1 A 2.8+0.6 A 0.2+0.1 B 0.002
Bifidobacterium 0.7+0.2 B 1.8+£0.6 AB 43£1.0 A 0.3+0.1 B 0.001
Clostridium Xl 1.3+0.3 B 12403 B 3.7408 A 2.7+0.6 AB 0.005
Acidaminococcus 0.0£0.0 B 0.0£0.0 B 0.1£0.0 A 0.0£0.0 B 0.009
Alistipes 3.504 A 0.9+04 A 45t1.4 A 1.310.4 A 0.052

Notes: Distributions represent mean * standard error of the mean. ANOVA was performed for each row. Sample groups sharing the same letter did not differ significantly

(P<0.05) by Tukey’s post hoc test.

Abbreviations: IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis.

Table 5 Distribution of abundant genera in baseline samples grouped by dysplasia

. . . Fisher’s test
Dysplasia Number Indefinite Low-grade dysplasia Povalue
Bacteroides 257124 A 22.7+4 A 74+298B 0.004
Blautia 9.1+1.1 AB 4.1+04 B 10.0+1.6 A 0.021
Roseburia 7.1£1.1 B 34+1.0B 17.4£59 A 0.001
Faecalibacterium 6.0+1.0 A 3.910.8 A 78129 A 0.299
Clostridium XIVa 7.0£0.6 A 6.712.3 A 6.2%1.1 A 0916
Megamonas 0.0+0.0 B 44+1.7 A 0.0+0.0 B <0.001
Akkermansia 2.3+0.9 AB 6.8+2.7 A 0.0+0.0 B 0.032
Sutterella 1.0£0.3 A 0.7+0.2 A 0.0+0.0 A 0.187
Escherichial Shigella 0.7+0.2 A 0.9+04 A 1.4£0.5 A 0312
Parabacteroides 4.410.7 A 39+1.6 A 1.4+0.7 A 0.214
Streptococcus 1.610.4 A 1.240.4 A 3.7x1.4 A 0.072
Bifidobacterium 2.440.6 A 2.1108 A 1.240.5 A 0.632
Clostridium X 1.740.3 B 44109 A 2.240.9 AB 0.002
Acidaminococcus 0.1+£0.0 A 0.0£0.0 A 0.0+0.0 A 0.160
Alistipes 2.7+04 B 0.9+0.4 B 81432 A <0.001

Notes: Distributions represent mean + standard error of the mean. Interactions between disease and dysplasia could not be determined due to co-linearity. ANOVA was
performed for each row. Sample groups sharing the same letter did not differ significantly (P<0.05) by Tukey’s post hoc test.

that were significantly correlated to position along the x-axis
were predominantly classified into the genera Bacteroides
and Blautia, with PSC week 11 samples having a signifi-
cantly greater relative abundance of Blautia and decrease in
Bacteroides.

Oligotyping analysis was performed to determine the
distribution of likely strains among the genera Blautia and
Bacteroides (Figure 5). Communities from healthy controls
had a significantly different distribution of oligotypes within

these genera compared to baseline IBD or PSC/IBD com-
munities (P<0.05). PSC/IBD communities at week 11 showed
a significantly different distribution of Blautia oligotypes
compared to baseline for five of the 10 most abundant oli-
gotypes (P<0.001). Furthermore, PSC/IBD communities at
week 11 had significantly different distributions of Bacteroi-
des oligotypes compared to baseline in four of the 10 most
abundant oligotypes, with two oligotypes being predominate
at week 11 (P<0.05).
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Microbiota and bile acid associations

Concentrations of the primary bile acids cholic acid (CA)
and chenodeoxycholic acid (CDCA) were positively corre-
lated (P<0.05) with microbial communities in 11-week PSC
patients, which comprised greater abundances of Blautia
(Figure 6). The secondary bile acid DCA was also posi-
tively correlated with communities comprised of greater
abundances of Roseburia. Among samples collected from
the entire cohort, abundances of members of the predomi-

nant genera, except Megamonas, were negatively correlated
with concentrations of glyco-conjugated primary bile
acids (p=—0.351 to —0.149, P<0.020). Abundances of the
Bacteroides, Faecalibacterium, and Clostridium X1 tended
to be negatively correlated with concentrations of primary
bile acids and positively correlated with secondary bile
acids. In contrast, abundances of Blautia were positively
correlated with CA, CDCA, and Tauro-chenodeoxycholic
acid (CDA) (p=0.151-0.204, P<0.019) and abundances of
Roseburia were positively correlated with CDCA and DCA
(p=0.141 and 0.212, P=0.029 and 0.001).

Discussion

Contrary to our original hypothesis, patients with PSC/IBD
did not have an increase in fecal secondary bile acids com-
pared to those with IBD alone or healthy controls. We also
observed slightly greater fecal LCA concentrations among
individuals with IBD compared to PSC/IBD. The fecal
samples in the two participants with a diagnosis of low-grade
dysplasia contained minimal fecal concentrations of DCA,
although the difference did not reach statistical significance.
As DCA is the predominant fecal bile acid, the total bile acid
pool was substantially decreased, although concentrations
of other bile acids were similar to those without dysplasia.
While some previous reports found an association of fecal
bile acid concentration and colonic dysplasia,’ others have
cast doubt on this hypothesis.*! Our results are consistent
with those showing no association between an increase in
fecal bile acids and colonic dysplasia.
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A recent study also examined the relationship between
PSC/IBD, bile acids, and the microbiota.’? Torres et al iden-
tified a reduced total bile acid pool in PSC/IBD vs IBD;
however, there were no healthy controls. While we did note
a trend toward lower total bile acids in PSC/IBD, overall the
pattern was similar to healthy controls. Duboc et al** dem-
onstrated a decrease in the relative proportion of secondary
bile acids in the stool of those with active IBD. We were
unable to replicate this finding and in fact demonstrated a
nonsignificant trend toward more secondary bile acids in the
stool of participants with higher IBD activity. It is possible
that this difference is related to fecal collection or bile acid
analysis methods. Our study has the advantage of stratifying
IBD activity endoscopically, and notably, those with endo-
scopic remission were indistinguishable from controls. The
Duboc study was able to analyze conjugated and sulfated
bile acids in more detail, which may also be responsible for
the difference in findings.

Our work is consistent with prior work in patients with
cirrhosis, in which the conversion from primary to secondary
bile acids is reduced as liver disease progresses.** Interest-
ingly, conversion of CA to DCA was impaired in our cohort
of PSC/IBD patients without cirrhosis or advanced cirrhosis.
Primary bile acids, such as CA, bind to the farnesoid X recep-
tor (FXR), which is linked to the immune response in IBD.
In murine models of chemically induced colitis, activation
of FXR by bile salts prevented inflammation and inhibited
proinflammatory cytokines.** In humans, FXR activation in
the small intestine is decreased in those with Crohn’s colitis
as compared to those with ulcerative colitis or healthy con-
trols.* Although we could not detect substantial differences
in bile acid concentrations, it remains possible that small pro-
portional differences or altered bile acid signaling pathways
account for some of the unique phenotypes seen in PSC/IBD.

As expected, oral vancomycin administration dramatically
reduced the concentration of secondary fecal bile acids by
effectively blocking their conversion from primary bile acids.
Interestingly, this effect was predominately limited to DCA
with nonsignificant decrease in LCA. Overall, these changes
are similar to those reported by Vrieze et al'! in a population of
obese participants. The decrease in secondary bile acid produc-
tion recovered within 3 weeks of cessation of oral vancomycin.
This is noteworthy as vancomycin is being studied as a therapy
for PSC (NCT01802073). If proven effective, oral vancomycin
may be beneficial in PSC through the effect on the intestinal
microbiota and subsequent secondary bile acid production.
This could have implications for increasing FXR activation (a
primary bile acid receptor), which may be beneficial in PSC
or potentially even IBD. These effects were not sustained, and

thus, it is likely that if vancomycin was to be a useful therapy,
it would need to be a chronic therapy, increasing the risks of
chronic antibiotic use such as bacterial resistance.

Consistent with prior literature, bacterial diversity was
decreased among those with IBD compared to controls.
Among those with PSC/IBD, diversity was even lower than
those with IBD alone. Oral vancomycin administration
substantially decreased microbial diversity and secondary
bile acid metabolism, both of which recovered within three
weeks of vancomycin cessation. Interestingly, the post-
vancomycin microbiota was assembled differently, with a
relative increase in Blautia. While an increased proportion
of Blautia has been observed in those with PSC in other stud-
ies,?? in our cohort, Blautia constituted a small proportion
of the microbiome prior to vancomycin exposure, similar to
that in healthy controls (~5% average relative abundance).
In mice, increasing dietary CA substantially increases
the level of bile acid 7-alpha-dehydroxylating bacteria.!®
With the administration of vancomycin, Blautia expanded
substantially and remained high for weeks after vanco-
mycin administration was stopped. As primary bile acids,
such as CA, are a substrate for Blautia, vancomycin likely
created a favorable environment for its growth. Notably,
once Blautia expanded, it remained present, apparently
at the cost of the relative abundance of Bacteroides,
which was substantially decreased by vancomycin admin-
istration. A relative increase in Blautia has been noted in
participants with rheumatoid arthritis following vancomycin
administration, and thus, this is not likely a PSC-specific
effect.”’

While the overall trend of decreased diversity was seen
in our study, specific bacterial taxa associated with IBD
were not always consistent. A recent meta-analysis of three
large cohorts of IBD patients found the intestinal micro-
biota to be 87.5% predictive of Crohn’s disease and 79.1%
of UC.?® Relative increases in the abundances of the phyla
Actinobacteria and Proteobacteria (Enterobacteriaceae) and
arelative decrease in Firmicutes (Clostridiales) in feces cor-
related with the severity of IBD. Our data show a depression
of Faecalibacterium for both IBD and PSC/IBD relative to
controls; however, Actinobacteria and Proteobacteria were
not abundant in our samples. Additionally, we attempted to
correlate a dysbiosis index to our population based on the
work of Gevers et al.** However, we were unable to match our
data to the index as many taxa in the index were not abundant
in our samples. This may be in part because of our use of fecal
samples rather than mucosal biopsies but could also be due
to differences in sequencing methods or geographic variance
of our cohort. These results suggest that while certain trends
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in taxonomic associations with IBD may be noted in popula-
tions, the predictive power for an individual may be limited.

Our study has several limitations. This was a small
pilot study and, therefore, may be underpowered to detect
smaller but important differences in the bile acid composi-
tion. Another limitation was the lack of dietary control. The
fecal bile acid pool is likely modified by diet. We sampled
stool at least three times over 1 week to obtain an aver-
age over the week to minimize potential dietary outliers
from a single meal. Finally, our population of PSC/IBD
patients was older than the healthy controls or those with
IBD alone, which may contribute to some differences seen
between the groups.

Conclusion

Those with PSC/IBD had a more pronounced dysbiosis
characterized by decreased bacterial diversity and decreased
relative abundance of Bacteroides. In contrast, there were
no major differences between the fecal bile acid patterns of
those with IBD, PSC/IBD, and healthy controls. Vancomycin
administration to PSC/IBD participants decreases the fecal
bile acid pool, likely through the inhibition of secondary bile
acid production, and primarily through inhibition of DCA.
While the bile acid composition recovered 1 month after the
completion of a 2-week course of vancomycin, changes in
the intestinal microbiota persisted, favoring an increase in
Blautia. Future studies in PSC should determine how the
microbiota and/or antibiotics affect bile acid signaling and
ultimately intestinal and hepatic inflammation.
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