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Summary

Background: Primary sclerosing cholangitis (PSC) is a progressive liver disease with
poor prognosis and no effective therapies to prevent progression. An aetiopathologi-
cal link between PSC and gastrointestinal microbial dysbiosis has been suggested.
Aim: To evaluate all potential medical therapies which may exert their effect in PSC
by modulation of the gut-liver axis.

Methods: We conducted a comprehensive scoping review of PubMed and Cochrane
Library, including all articles evaluating an intervention aimed at manipulating the
gastrointestinal microbiome in PSC.

Results: A wide range of therapies proposed altering the gastrointestinal microbiome
for the treatment of PSC. In particular, these considered antibiotics including vanco-
mycin, metronidazole, rifaximin, minocycline and azithromycin. However, few thera-
pies have been investigated in randomised, placebo-controlled trials. Vancomycin has
been the most widely studied antibiotic, with improvement in alkaline phosphatase
reported in two randomised controlled trials, but with no data on disease progres-
sion. Unlike antibiotics, strategies such as faecal microbiota transplantation and di-
etary therapy can improve microbial diversity. However, since these have only been
tested in small numbers of patients, robust efficacy data are currently lacking.
Conclusions: The gut-liver axis is increasingly considered a potential target for the
treatment of PSC. However, no therapies have been demonstrated to improve
transplant-free survival. Innovative and well-designed clinical trials of microbiome-

targeted therapies with long-term follow-up are required for this orphan disease.
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1 | INTRODUCTION
Primary sclerosing cholangitis (PSC) is a rare chronic liver disease,
characterised by progressive inflammation and stricturing of the intra-
hepatic and extrahepatic bile ducts. Progressive fibrosis of the small
and large ducts can lead to liver cirrhosis and related sequelae, with a
median transplant-free survival of 21years.! PSC is associated with a
significantly increased risk of hepatobiliary and colonic malignancies,
including cholangic, hepatocellular, gallbladder and colorectal carcino-
mas.? The majority of patients with PSC have concurrent inflammatory
bowel disease (IBD), most commonly ulcerative colitis (UC), suggesting
an unknown aetiological factor common to both conditions.®
Currently, no medical therapy has been demonstrated to alter
the disease course in PSC. Existing medical management strategies
target amelioration of symptoms, screening for and treating IBD, and
surveillance for PSC-associated malignancy. Ursodeoxycholic acid
(UDCA), a secondary bile acid normally synthesised by intestinal
bacteria, has been the most extensively studied drug in PSC, partly
due to its established benefit in primary biliary cholangitis (PBC).A
In PSC, UDCA has been shown to significantly improve serum liver
enzymes, but has no demonstrated mortality benefit and does not
reduce the need for liver transplantation.’ Other pharmacological
interventions that have been investigated in clinical trials include
tauro-ursodeoxycholic acid, glucocorticoids, methotrexate, myco-
phenolate, etanercept, copper-chelating agents and colchicine.®
Currently, there is insufficient evidence to support the effectiveness
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of any pharmacological intervention in improving mortality, health-
related quality of life, cirrhosis or time to liver transplant, compared
with no intervention in patients with PSC.

Beyond pharmacological therapies, endoscopic interventions to
preserve bile flow, including balloon dilation and stenting of domi-
nant strictures, are part of PSC management.7 Significant improve-
ment in transplantation-free survival compared to that expected
from the Mayo Risk Score has been reported with balloon dilatation
but not stenting of dominant strictures, and additionally, balloon
dilation is associated with less risk of complications than stenting.®
However, orthotopic liver transplantation (OLT) remains the only
definitive treatment for PSC, indicated for patients with end-stage
liver disease, recurrent acute cholangitis or refractory symptoms.
Long-term graft and patient survival are significantly impacted by
recurrence of biliary strictures or recurrent PSC, which occurs in up
to 37% of transplanted patients.”

The concept that the gut microbiota may contribute to the patho-
genesis of PSC has arisen from a number of observations. Dysbiosis
can lead to inflammation, impairment of the intestinal epithelial bar-

rier and immune dysregulation (Figure 1).1°

The portal vein transports
many products of the gut microbiota directly to the liver, and it is
possible that some of these products contribute to the duct pathol-
ogy seen in PSC. Human studies have consistently demonstrated an
altered gut microbial composition in PSC, characterised by reduced
colonic alpha diversity and beta diversity as well as shifts in multi-

ple bacterial taxa (Table 1). Of note, organisms of the Veillonella and
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FIGURE 1 The link between dysbiosis and primary sclerosing cholangitis: The gut-liver axis
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TABLE 1 Studies comparing the microbial composition of primary sclerosing cholangitis to healthy controls and inflammatory bowel

disease

References

Rossen et al.”®

Torres et al.”t

Kevans et al.”?

Sabino et al.”®

Kummen et al.'!

|_12

Bajer et a

Torres et al.”*

Lemoinne et al*®

Study groups

12 PSC-IBD (8
PSC-UC and 4
PSC-CD); 11
UC; 9 HC 32
total

19 PSC-combined
(13 PSC-UC, 6
PSC-CD and 1
PSC); 15 IBD
(13UCand 2
CD); 9 HC 44
total

31 PSC-UC; 56
UC 87 total (2
cohorts based
on two centres:
Oslo and
Calgary)

27 PSC-UGC; 21
PSC-CD; 12
PSC; 13 UC; 30
CD; 66 HC 175
total®

44 PSC-UC; 11
PSC-CD; 30
PSC; 36 UC;
263 HC 384
total®

32 PSC-IBD; 11
PSC; 32 UC; 31
HC 106 total

15 PSC-IBD (11
PSC-UC and 4
PSC-CD); 15
IBD (12 UC and
3 CD) 30 total

22 PSC; 27 PSC-
IBD; 33 IBD;
30 HC 112
total

Sequencing methods

16s rRNA sequencing
of ascending colon
and terminal ileum
mucosal biopsies
(HITChip)

16s rRNA sequencing
of terminal ileum,
right colon and
left colon mucosal
biopsies (lllumina
MiSeq)

16S rRNA sequencing
of left-sided colonic
biopsies (lllumina
MiSeq)

16S rDNA sequencing
of faecal specimens
(Illumina MiSeq)

16S rRNA sequencing
of faecal specimens
(lllumina MiSeq)

16S rRNA sequencing
of faecal specimens
(Ilumina MiSeq)

16S rRNA sequencing
of faecal specimens
(Ilumina MiSeq)

16s DNA sequencing
of faecal specimens
(Illumina MiSeq)
for bacterial
composition; ITS2
sequencing of
faecal specimens
for fungal
composition

Alpha-diversity
PSC-IBD vs HC: reduced

PSC-combined vs IBD
vs HC: no significant
difference

Not significantly
different in either
cohort

HC vs PSC-combined
(PSC, PSC-UC and
PSC-CD): increased
HC vs PSC-UC:
increased HC vs CD:
increased

PSC vs HC: reduced PSC
vs UC: no difference

HC vs PSC: no difference
HC vs PSC-IBD:
no difference PSC
vs PSC-IBD: no
difference

PSC-IBD vs IBD:
not significantly
different

PSC-IBD vs IBD: reduced
PSC-IBD vs HC:
reduced PSC was
not significantly
different to any
other group. Fungal
diversity: PSC vs
PSC-IBD vs IBD vs
HC: not significantly
different. PSC-
combined (PSC and
PSC-IBD) vs IBD:
significantly higher
PSC-combined vs
HC: trend towards
higher diversity, but
not significant

Beta-diversity

No significant difference
in PSC-IBD vs UC
vs HC

No significant difference

PSC-UC decreased in 1
cohort (Oslo) but not
in the other (Calgary)

HC vs PSC vs IBD
all significantly
different; no
difference between
PSC, PSC-UC and
PSC-CD

Clear shift in PSC vs HC

HC vs PSC: clear shift
in microbiota
composition PSC-

IBD vs UC: clear shift

PSC-IBD vs PSC: no
significant shift

PSC-IBD vs IBD:
significantly
dissimilar

PSC-IBD vs IBD vs HC:
all significantly
dissimilar PSC vs
HC: trend towards
but not significantly
dissimilar Fungal
diversity: PSC vs
HC: significantly
dissimilar PSC
vs PSC-IBD:
significantly
dissimilar PSC-IBD
vs IBD: significantly
dissimilar

Changes in taxa

Decreased in PSC-IBD vs UC and
HC: uncultured Clostridiales Il
by twofold

Increased in PSC-combined vs HC:
Barnesiellaceae, Clostridiales,
Bacteroides and Blautia

Several genera showed a nominal
association with PSC-UC vs
UC. However, there were no
significant changes across
both cohorts following false-
discovery rate (FDR) correction

Increased in PSC, PSC-UC and
PSC-CD vs HC (after adjusting
for confounders): Enterococcus,
Fusobacterium and Lactobacillus

Increased in PSC vs HC: Veillonella
(4.8 fold increase). Decreased
in PSC vs HC: Coprococcus,
Phascolarctobacterium,
Desulfovibrio, Succinivibrio and
7 other unknown genera

Increased in PSC vs HC: Rothia,
Enterococcus, Streptococcus,
Clostridium, Veillonella,
Haemophilus

Increased in PSC-IBD vs
IBD: Fusobactereriaceae,
Fusobacterium and
Ruminococcus. Decreased
in PSC-IBD vs IBD: Dorea,
Veillonella, Lachnospira,
Roseburia and Blautia

Increased in PSC vs HC:
Sphingomonadaceae,
Veillonella, Alphaproteobacteria
and Rhizobiales. Decreased
in PSC vs HC: Ruminococcus,
Ruminiclostridium,
Faecalibacterium,
Lachnoclostridium and Blautia.
Increased fungal taxa in
PSC vs HC: Exophiala (more
than 100 fold increase),
Sordariomycetes. Decreased
fungal taxa in PSC vs HC:
Saccharomycetes

(Continues)
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TABLE 1 (Continued)

References Study groups

Ruhlemann et al.}* 62 PSC; 75

PSC-IBD; 118
UC; 133 HC
388 total (2
cohorts based
on 2 centres:
German and
Norwegian)

Ladipot et al.” 35 PSC-combined
(17 PSC, 18
PSC-IBD (12
PSC-UC and 6
PSC-CD); 30
HC 65 total

Denoth et al.”® 7 PSC-UC; 42 UG;

28 HC 77 total

Ostadmohammadi 14 PSC-IBD (12
etal.”’ PSC-UC and 2
PSC-CD); 12
UC; 8 HC 34
total

84 PSC-combined
(66 PSC-IBD
and 18 PSC
only); 51 PSC-
LT-combined
(42 PSC-1BD-LT
and 9 PSC-LT);
40 HC 175
total

Hole et al.*®

Sequencing methods

16S rRNA sequencing

of faecal specimens
(lllumina MiSeq)

16S rRNA sequencing

of faecal swabs
(Ilumina MiSeq)

16S rRNA sequencing

of terminal ileum,
right colon, left
colon and rectum
biopsies (Thermo
Fisher lon PGMTM
System)

16S rRNA sequencing

of faecal specimens
(Rotor-Gene® Q)

16s rRNA sequencing

of mucosal biopsies
from terminal ileum,
ascending colon,
descending colon
or sigmoid colon
(lllumina MiSeq and
v3 kit)

BOGATIC ET AL.

Alpha-diversity

Norwegian cohort: PSC

vs HC: reduced

PSC vs UC: not
significantly
different German
cohort: PSC vs HC:
not significantly
different PSC vs UC:
increased

PSC-combined vs HC:

decreased

PSC-UC vs HC:

increased PSC-UC vs
UC: increased

Not assessed

PSC-combined and

PSC-LT-combined

vs HC: decreased
PSC-combined vs
PSC-LT-combined:
similar PSC-1BD vs
PSC: not significantly
different

Beta-diversity

PSC vs UC and HC:

significantly
dissimilar

PSC vs HC: significantly

dissimilar PSC-IBD
vs HC: significantly
dissimilar PSC

vs PSC-IBD: no
significant difference

PSC-UC vs HC:

significantly
dissimilar PSC-UC
vs UC: significantly
dissimilar

PSC-IBD vs UC:

significantly
dissimilar PSC-IBD
vs HC: no significant
difference

PSC-combined vs

HC: significantly
dissimilar PSC-
LT-combined vs

HC: significantly
dissimilar PSC-IBD
vs PC: significantly
dissimilar, regardless
of LT status

Changes in taxa

Increased in PSC vs HC

(in individual cohorts

and when combined):
Veillonella, Streptococcus,
Bacteroides, Parabacteroides,
Proteobacteria,
Lactobacillales, Bacilli and
Gammaproteobacteria.
Decreased in PSC vs HC (in
individual cohorts and when
combined): Coprococcus

261 species were diminished in

PSC-combined vs HC. 32
species were significantly
overrepresented. There was
a strong inverse correlation
between the relative
abundance of Enterococcus
and bacterial diversity in the
PSC-combined group

The Firmicutes/Bacteroides ratio

was significantly higher in the
PSC-UC and UC groups than
HC. Roseburia, Fusobacterium,
Bifidobacterium and
Actinobacillus were increased
in PSC-UC vs HC. Bacteroides
was lower in PSC-UC. This
difference was non-sustained
when analysed for individual
sampling site

The Firmicutes/Bacteroides ratio

was significantly higher in the
UC group vs both PSC-IBD
and HC. Enterobacteriaceae
were increased in PSC-IBD

vs HC, but similar vs UC.
Decreased in PSC-IBD vs UC:
Enterococcus, Lactobacillus and
Bifidobacterium

Eight genera were increased in

both PSC-combined and PSC-
LT-combined vs HC, including
Haemophilus, Veillonella,
Roseburia Akkermansia was
reduced in PSC-IBD vs PSC
regardless of LT status.

Abbreviations: CD, Crohn's disease; HC, healthy controls; IBD; inflammatory bowel disease; LT, liver transplant; PSC, primary sclerosing cholangitis;

UC, ulcerative colitis.

AIncluded exploration and validation groups.

Fusobacterium genus are commonly elevated in PSC compared to
healthy controls whereas other changes in bacterial taxa have often
varied between studies.**™** Dysbiosis in PSC is independent of the
presence of IBD. Approximately 70% of patients with PSC have
concomitant inflammatory bowel disease, the majority of whom
suffer from UC.% The PSC-UC phenotype is distinct, generally char-

acterised by mild inflammatory burden of an extensive or right-sided

distribution.® The etiopathogenic link between PSC and dysbiosis is
further supported by a number of observations arising from experi-
mental models of PSC.% Liver transplantation does not normalise the
gastrointestinal microbiome, and some genera associated with PSC
correlate with recurrent PSC after liver transplantation.t®

Emerging data demonstrate that manipulation of the gut micro-

biota holds promise as an effective therapeutic strategy in PSC. Oral
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antibiotic therapy may improve serum liver enzymes and Mayo Risk
Score in PSC patients.’” Some antibiotics have been found to exert
immunomodulatory and anti-inflammatory effects independent of
their antimicrobial properties, which may also contribute to their
efficacy in the treatment of PSC. Other modulators of the enteric
microbiome including probiotics, dietary strategies and faecal micro-
biota transplantation (FMT) have also come under investigation due
to their potential benefit in PSC via manipulation of the gut-liver axis.

Given the plausible efficacy of microbial manipulation in PSC
and a dearth of effective therapies available for this orphan disease,
this scoping review aims to outline the role of the microbiome in
the pathogenesis of PSC, and to evaluate the potential for microbial
manipulation as a therapeutic strategy in PSC.

2 | METHODS

A comprehensive literature search of PubMed and the Cochrane
Library was performed from inception to December 2021, identify-
ing all studies and reports that evaluated the use of an agent which
manipulates the gastrointestinal microbiome for the treatment of
PSC. A detailed description of the queries used in the databases is
included in Appendix A. Additionally, the references of all articles
were screened to identify any additional studies or reports. As this
is a scoping review, we incorporated all eligible papers including ran-
domised controlled trials, observational studies, case series, case re-
ports and letters to the editor. Paediatric studies were included. As
many therapeutics have been evaluated in PSC, consensus among
the authors was required for which of these had potential for micro-

bial manipulation.

2.1 | Interpreting therapeutic efficacy in PSC

Diagnosis of PSC is based on a combination of clinical, laboratory,
cholangiographic and histologic findings, after exclusion of other
causes of liver disease.*® Diagnosis and evaluation, however, is made
difficult by its frequent subclinical presentation, and some patients
may have normal liver enzymes. Evaluating the response to treat-
ment in investigational studies of PSC is complicated by the lack
of a validated surrogate biomarker of disease.!’ Liver function test
changes, in particular, a reduction or normalisation of ALP are often
used as a primary endpoint in therapeutic studies in PSC, and have
been associated with improved survival and decreased risk of requir-
ing liver transplantation in PSC.?° The revised Mayo Risk Score is a
survival model based on predictors of outcome in PSC, including age,
serum bilirubin, AST and albumin, and history of variceal bIeeding.21
It is often used in clinical practice for prognostication, and in studies
for assessing response to therapy. Two other PSC-specific prognos-
tic models include the Amsterdam-Oxford PSC Score and the UK
PSC Risk Score.?>?® The Model for End-Stage Liver Disease (MELD)
is also widely used for prognostication of patients with liver disease

of any cause, including PSC.
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2.2 | Microbial manipulation in PSC
2.2.1 | Antibiotic therapy

Vancomycin

Oral vancomycin has shown promising results in two randomised
controlled trials, in addition to a number of cohort studies and
case reports where it was used as therapy for PSC (Tables 2 and
3). Vancomycin is a glycopeptide antibiotic that, when given orally,
is minimally absorbed from the gastrointestinal tract. Consequently,
the on-label uses for oral vancomycin are restricted to enteric dis-
eases such as Clostridioides difficile and Staphylococcal enterocolitis.
Oral vancomycin has been reported to induce and maintain remis-
sion of ulcerative colitis in patients with concurrent PSC, including
some who had failed standard treatments.?*2¢ Additionally, vanco-
mycin has been shown to significantly alter the microbial composi-
tion in patients with PSC and IBD, predominantly associated with an
increase in Blautia abundance and decrease in Bacteroides.?’

The possible therapeutic effect of oral vancomycin in PSC was
first recognised in 1998, when Cox and Cox?® described three
children with PSC and IBD whose symptoms and liver enzymes
improved following treatment with oral vancomycin. Since then, a
number of case reports involving both children and adults have been
published, with positive results.??-3? Whilst there is likely a degree
of publication bias, with negative cases less likely to be published,
these observations are certainly promising, particularly those cases
where radiological and/or histological improvement is seen, as this
is not usually expected as part of the natural history of the disease.

There are two randomised controlled trials investigating vanco-
mycin as therapy for PSC. Rahimpour et al®® randomised 29 adult
patients with PSC in a blinded fashion with confirmed PSC into two
groups: vancomycin 125mg four times a day (n = 18) or placebo
(n = 11), for a period of 12weeks. Twenty-one of these patients
(75%) had concomitant IBD. All patients were simultaneously com-
menced on ursodeoxycholic acid 300mgt.d.s. before the study. The
primary end points were a reduction in Mayo Risk Score and ALP at
12 weeks. A reduction in Mayo Risk Score was achieved in the van-
comycin group but not in the placebo group at 12 weeks (-322.03%,
p =0.026 vs -45.45%, p = 0.337). There was no significant change in
ALP at 12weeks, in either vancomycin or placebo groups (Table 4).
Patients in the vancomycin group experienced a significant reduc-
tion in subjective symptoms including fatigue (p = 0.002), pruritis
(p = 0.022), diarrhoea (p = 0.011), and anorexia (p = 0.041), but no
significant reduction in abdominal pain (p = 0.36), blood in stool
(p = 0.36) or nausea and vomiting (p = 0.36). The only significant
improvement in the placebo group was in pruritis (p = 0.011). Pruritis
was measured on a visual analogue scale and fatigue using a vali-
dated Persian version®* of the fatigue impact scale; however, it is not
specified how the remaining symptoms were measured. Vancomycin
was well tolerated in this study. The significant reduction in Mayo
Risk Score and symptoms achieved in this study make vancomycin
a promising therapeutic option in PSC. This sample size was lim-

ited, however, and treatment and control groups were unevenly
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TABLE 2 Summary of case reports of the use of oral vancomycin in PSC

Author (year)

Cox and Cox®®

Davies et al?’

Buness et al.%°

Hey et al®!

de Chambrun
etal (2018)*?

Dubrovsky and
Kitts’®

Buness
et al (2020)”?

Patient details

15yo M with
unspecified colitis

14yo F with CD

14yo M with CD

12yo F with UC,
recurrence of PSC
following liver
transplant

13yo F with UC

33yo M with UC and
liver transplantation

20yo F with UC

69yo M with UC

24yo M with UC

16yo F with UC

15yo F with UC (same
child) reported in
Buness et al.%°

Oral vancomycin
protocol

250 mg vancomycin
g.d.s. for 7 months
intermittently

125mg vancomycin
t.d.s. for 3 months

250 mg vancomycin
t.d.s. for 2weeks,
then b.d. for
4weeks

500 mg vancomycin
t.d.s.

500mg vancomycin
t.d.s., increased to
750mgt.d.s.

250 mg vancomycin
b.d.

500mg vancomycin
b.d.

500mg vancomycin
b.d. maintenance
following induction
of remission with
ciprofloxacin and
metronidazole

500mg vancomycin
b.d.

500mg vancomycin
t.d.s.

1000 mg vancomycin
b.d. (opening
capsules)

Change in
biochemistry

Normalisation of
ALT, GGT and
ESR

Normalisation of
ALT and ESR;
reduction of
GGT to near
normal

Normalisation of
ALT, GGT and
ESR

Normalisation
of ALT, AST,
GGT, ESR and
CRP

Minor elevation
in GGT;
normalisation
of other liver
enzymes

Normalisation of
ALT, ALP and
GGP

Normalisation of
ALT, ALP and
AST

Maintenance of
normal liver
enzymes

Worsening of
liver enzymes

Normalisation of
liver enzymes

Normalisation
of liver
biochemistry
with
Vancomycin
generic
branded
vancomycin

Change in histology

Less portal
inflammation and
portal fibrosis when
compared to pre-
vancomycin biopsies

Not assessed

Not assessed

Resolution of
inflammation and
cirrhosis, with
return to normal
liver structure
and anatomy;
no evidence of
previously observed
“onion skin” fibrosis

Not assessed

Not assessed

Not assessed

Not assessed

Not assessed

Not assessed

Not assessed

Change in cholangiographic
findings

Resolution of intra- and
extra-hepatic strictures
seen on ERCP

Normalisation of dilated
common bile duct seen
on ultrasound

Not assessed

Not assessed

MRCP showed normal
liver with resolution of
localised hepatic duct
prominence and normal
bile ducts

Stable but persistent
intrahepatic duct
stricturing and beading
on MRCP

Not assessed

Not assessed

Not assessed

Not assessed

MRCP continued to show
normal bile ducts and
elastography values
remained within normal
limits

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; b.d., twice a day; CD, Crohn's
disease; CRP, C-reactive protein; ERCP, endoscopic retrograde cholangiopancreatography; ESR, erythrocyte sedimentation rate; GGT, gamma-
glutamyltransferase; MRCP, magnetic resonance cholangiopancreatography; q.d.s., four times a day; t.d.s., three times a day; UC, ulcerative colitis.
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TABLE 3 Summary of results of investigational studies involving oral vancomycin for PSC

Davies et Abarbanel et
gl 7 al.38 Rahimpour et al.%%® Tabibian et al.>*"
Change from baseline % (p)
Vancomycin Vancomycin Metronidazole
Vancomycin  Vancomycin Vancomycin Low Dose High Dose Metronidazole  High Dose
n=14 n=14 n=18 Placebon=11 n=38 n=9 Low Dosen=9 n=9
ALP — — -44.49% -7.93% -46% -40% 13% (p = 0.47) -33% (p =0.22)
(p=0.112) (p =0.490) (p =0.03)° (p=0.02)
AST - - -33.36% -4.96% — - — -
(p =0.053) (p=0.135)
GGT 1 (p=0.005)% | (p=0.0022)¢ -63.81% -30.7% — - - —
(p=0.087) (p = 0.966)
ALT 1 (p=0.007)% | (p=0.018)¢ -46.31% 7.22% - - - -
(p =0.074) (p=0.739)
ESR 1 (p=0.008)¢ — -41.25% -4.83% — — - -
(p = 0.005) (p =0.845)
CRP - — - — -69% 26% -49% (p =0.03) 250% (p = 1.0)
(p =0.06) (p=0.78)
Bilirubin — — -38.68% -37.91% -33% 0% (p=0.48) -20% (p=0.03) +6% (p=0.78)
(total) (p =0.410) (p =0.280) (p =0.06)
Mayo Risk — - -322.03% -45.45% -0.55% -0.03% -0.16% -0.28%
Score (p = 0.026) (p=0.337) (p =0.02) (p=0.98) (p =0.03) (p=0.16)

Note: Statistically significant p values are shown in bold.

Abbreviations: ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT: alanine aminotransferase; CRP: C-reactive protein; ESR: erythrocyte

sedimentation rate; GGT, gamma-glutamyltransferase.
aStudies with child participants only.

bStudies with adult participants only.

“Outlier omitted from results.

dNumerical value not given.

distributed. There was also no follow-up period after the cessation
of treatment to assess whether biochemical and symptomatic bene-
fits were sustained.

Tabibian et al®® randomised 35 adult patients with PSC into four
groups in a blinded fashion: vancomycin 125mg (n = 8) or 250mg
(n = 9) four times a day, or metronidazole 250mg (n = 9) or 500 mg
(n = 9) three times a day, for a period of 12weeks. Serum biochem-
istry was performed at baseline, week 3 and week 12. The primary
end point was a decrease in the serum ALP at 12weeks. This was
reached in both the low and high-dose vancomycin groups (-46%,
p=0.03and-40%, p = 0.02, respectively), but not in the metronida-
zole groups (low dose +13%, p = 0.47 and high dose -33%, p = 0.22)
(Table 4). Mayo Risk Score was significantly reduced in the low-dose
vancomycin group (-0.55, p = 0.02), but no other secondary bio-
chemical endpoints were reached in the vancomycin groups, includ-
ing reduction in total bilirubin or CRP, and improvement in symptoms
of pruritis and fatigue. Two patients withdrew due to side effects
of vancomycin, namely migraines, diarrhoea and fatigue. However,
side effects were rare, and vancomycin was overall better tolerated
than metronidazole in this study. Again, despite some promising out-
comes, group sizes in this study were small, and it was not powered

to detect small changes.

A recent retrospective propensity-matched observational study
investigated the effect of oral vancomycin therapy in children with
PSC, compared to carefully matched patients receiving ursode-
oxycholic acid or observation.®® Eighty-eight patients received
oral vancomycin with a median dose of 21 mg/kg/day. The primary
outcome measured was GGT less than 50U/L after 12months or
at least 75% less than pre-treatment GGT, with no adverse hepato-
biliary complications (encompassing portal hypertensive complica-
tions, complications of strictures, hospitalisation for acute bacterial
cholangitis, cholangiocarcinoma, listing for liver transplantation
or death). Median GGT was similar between groups at initiation.
Patients in all three groups achieved a significant reduction in GGT,
with similar GGT levels between groups after 1year of treatment
(44 U/L in vancomycin group, 46 U/L in ursodeoxycholic acid group,
and 58U/L in observation group, p = 0.657). The use of GGT as a
primary endpoint is somewhat unusual given the lack of data sur-
rounding it as surrogate biomarker in PSC. There was no significant
difference between any of the treatment groups in secondary out-
comes, including serum bilirubin, AST to platelet ratio index, fibrosis
stage and 5-year probability of liver transplantation.

There are further two cohort studies investigating vancomycin

as therapy for PSC. Davies et al*” evaluated oral vancomycin in 14
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TABLE 4 Comparison of studies which reported change in alkaline phosphatase

Mean change

1 time of in ALP from
assessment baseline IU/L (%)
References Study group from baseline p value
Vancomycin Rahimpour Vancomycin 4weeks -376.76 (-32.5%)
etal.® p NR
Placebo -13.18 (-1.5%)
p NR
Tabibian Vancomycin low  12weeks -188 (-46.3%)
etal.® dose p =0.03%"
Vancomycin high -136 (-39.4%)
dose p=0.02
Metronidazole Metronidazole +46 (+13.0%)
low dose p=0.47
Metronidazole -138 (-32.5%)
high dose p=0.22
Farkkila Metronidazole 36months -390 (-60.7%)
etal.®? and UDCA p<0.01
Placebo and -254 (-44.8%)
UDCA p<0.01
Rifaximin Tabibian Rifaximin 12weeks +3 (+0.9%)
etal.*® p=0.47
Minocycline Silveira et al.*  Minocycline 1 year -65 (-19.6%)
p=0.04
Probiotics Vleggaar Probiotic 3 months NR (-9%) p NR
etal.”’
Placebo NR (-9%) p NR
Faecal Allegretti Faecal 24 weeks NR
Microbiota et al.%® microbiota
Transplant transplant

2 time of
assessment
from baseline

12weeks

Mean change

in ALP from
baseline IU/L (%)
p value

-519.68 (-44.8%)

p=0.112
—71.24 (-7.9%)
p = 0.490

Number of
patients achieving
>50% reduction in
ALP (%)

NR

NR

NR - however,
2/8 (25%)
experienced
normalisation
of ALP

NR

NR

NR

NR

NR

NR

2/12 (17%)

NR

NR
3/10 (30%)

Abbreviations: ALP, alkaline phosphatase; NR, not reported; UDCA, ursodeoxycholic acid.

2Qutlier omitted corresponding to a patient who did not take medication for 1 month.

children with PSC. Vancomycin was commenced at a dose of 50mg/
kg/day and continued until there was normalisation or no further im-
provement in liver enzymes and ESR. Ten of 14 children (71.4%) had
complete normalisation of alanine aminotransferase (ALT), gamma-
glutamyl transferase (GGT) and erythrocyte sedimentation rate
(ESR), whilst the other four (28.6%) showed improvement in these
biomarkers without normalisation. Each of those in the latter group
had cirrhosis prior to the initiation of vancomycin. Other biochemical
analyses, including total bilirubin and complete blood count, did not
change significantly. Only one patient had pre- and post-treatment
liver biopsies. These showed improvement in inflammation and fi-
brosis of the biliary tree.

Abarbanel et al®® reported a significant decrease of serum GGT
(effect size not reported, p = 0.026) and ALT (p = 0.037) in 14 chil-
dren treated with 50mg/kg/day oral vancomycin for 3 months.
This improvement was sustained after 12months of treatment
(p = 0.0022 for GGT; p = 0.018 for ALT). Nine patients had pre- and

post-treatment biliary imaging or biopsies, all of which had evidence
of improvement in inflammation, fibrosis or remodelling following
vancomycin therapy. Both of these small open-label cohort studies
again demonstrate some promise, but the lack of numerical data
with regards to the size of biochemical changes make any meaning-
ful conclusions difficult. Furthermore, these studies did not report
on ALP or Mayo Risk Score, the primary markers of disease response
which are used today.

The current evidence described here suggests that vanco-
mycin therapy may be effective for improving biomarkers of
PSC, but the trials are relatively small, mainly observational and
a mix between adults and children with PSC. Furthermore, the
impact on the clinical outcomes such as liver transplantation
progression-free survival is unclear. The results of currently
planned or ongoing larger randomised placebo-controlled trials
are awaited before we can recommend vancomycin as a benefi-

cial agent in PSC.
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Metronidazole

Metronidazole is a bactericidal antibiotic which is highly active
against Gram-negative and Gram-positive anaerobes. It is success-
fully used in the treatment of bacterial and protozoal infections of
the gastrointestinal tract, including giardiasis, amoebiasis, C. difficile
and Helicobacter pylori. It is also one of the first-line medications in
the treatment of suppurative complications of inflammatory bowel
disease, including abscesses and fistulae associated with Crohn's

37 as well as pouchitis following surgical resection in UC.4°

disease,
Metronidazole has demonstrated restorative effects on the gastro-
intestinal epithelium.*%2 These observations prompted the evalu-
ation of metronidazole in two randomised clinical trials in patients
with PSC. However, prolonged use is often poorly tolerated and is
associated with risk of development of peripheral neuropathy, limit-
ing capacity for long-term therapy.

The potential therapeutic effect of metronidazole in PSC was
first appreciated in Lewis and Wistar rats with surgically created
jejunal self-filling blind loops which resulted in histological and chol-
angiographic biliary abnormalities resembling PSC.2 In this model,
rats treated with metronidazole had significantly less thickened bile
ducts (p<0.005) and reduced abnormal cholangiographic (p<0.01)
and histological (p not stated) scores than untreated rats with self-
filling blind loops.

In a multi-centre double-blind randomised controlled trial un-

dertaken by Farkkila et al*®

80 patients with PSC were randomised
to receive 600-800mg (based on weight) metronidazole per day
(n = 39), or placebo (n = 41). Both groups were also treated with
ursodeoxycholic acid. After 36 months, both metronidazole and
placebo groups recorded a significant decrease from baseline in all
serum liver enzymes. The mean difference in ALP from baseline was
significantly larger (p <0.05) in the metronidazole group (-3371U/L,
95% Cl: [-283, - 391]) than that of the placebo group (-2141U/L, 95%
Cl: [-164, -264]) (Table 4). Metronidazole resulted in a significant im-
provement in the Mayo Risk Score (-0.32, p <0.05), whereas placebo
did not (-0.32, p>0.05). Liver biopsies were collected before and
after the treatment period, and classified according to stage, repre-
senting disease progression and morphological changes, and grade,
reflecting necroinflammatory activity. Improvement of histological
stage and grade were seen in 34.4% and 43.8% of the metronidazole
patients, respectively, significantly more often than in the placebo
group (14%, p = 0.047 and 16.6%, p = 0.014, respectively). However,
metronidazole failed to halt disease progression, with a similar rate
of worsening histological stage and grade between the interven-
tion and control groups. There was no significant change in ERCP
findings between the two groups. This was a well-designed study
with multiple important endpoints, including the evaluation of dis-
ease progression via histological assessment and cholangiography.
However, the treatment period was high at 36 months, which aimed
to allow sufficient time for improvement in liver histological staging
and grading to be seen. Because of its side effect profile, however,
metronidazole was poorly tolerated for this amount of time, with an
increased incidence of side effects in the treatment group (18 vs 7,
p<0.05).
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The second double-blind placebo-controlled trial of metro-

I*> is mentioned above, and compared

nidazole by Tabibian et a
low- (125mg q.d.s) and high-dose (250mg q.d.s) vancomycin to low-
(250mgt.d.s) and high-dose (500mgt.d.s) metronidazole (n = 35 al-
together). In this study, metronidazole did not reach the primary end
point of reduction in ALP after 12weeks of treatment, compared to
baseline. In the low-dose metronidazole group, there was a 13% in-
crease in ALP compared to baseline (p = 0.47), and in the high-dose
metronidazole group a 33% reduction in ALP (p = 0.22). The low-dose
metronidazole group did however, achieve a significant reduction in
Mayo Risk Score (-0.16, p = 0.03), CRP (-49%, p = 0.03) and total
bilirubin (-20%, p = 0.03). There was a trend towards a reduction in
fatigue and pruritis scores in the metronidazole groups, however, this
did not reach statistical significance. Four patients withdrew from
the study due to intolerable side effects of metronidazole, including
persistent dyspepsia, nausea, ophthalmalgia, diarrhoea and anorexia.

Taken together, the data for metronidazole in PSC are less com-
pelling than vancomycin, and its use would be significantly limited by
its likelihood of side effects if taken long term.

Rifaximin

Rifaximin is a semi-synthetic broad-spectrum gut-specific antibiotic,
predominantly used in gastrointestinal disorders due to its limited
systemic absorption. Its localised activity gives it a favourable side-
effect profile and low potential for drug interactions relative to some
other antibiotics.

It has been demonstrated to have significant clinical benefits in
the setting of hepatic encephalopathy by reducing future hospital
admissions.** It is proposed that Rifaximin exerts this benefit via
this mechanism, as well as by decreasing overall bacterial density.
Above its bactericidal and bacteriostatic properties, rifaximin exerts
a number of additional effects on microbiome functionality, includ-
ing reduced endotoxemia and decreased formation of potentially
toxic secondary bile acids.****¢ Moreover, it may reduce inflamma-
tory cell infiltration of the lamina propria, an effect likely mediated
by Lactobacillus-induced downregulation of the pro-inflammatory
cytokines IL-6 and TNF-o.%”

Tabibian et al*® investigated the safety and efficacy of rifaxi-
min in 16 patients with PSC, using open-label 550 mg oral rifaximin
twice a day for 12weeks. End points included change in serum ALP,
AST, GGT, total bilirubin, albumin, CRP, Mayo PSC risk score, fatigue
and pruritis symptom scores, a liver-specific health questionnaire,
a general health and wellbeing questionnaire and adverse effects.
At the conclusion of the study, there was no meaningful change
in ALP (+0.9%, p = 0.47) (Table 4) or in any of the secondary end
points. Three patients withdrew due to adverse effects, including
severe headaches, rapid rise in liver enzymes, and need for ERCP.
Four other patients reported mild adverse effects not requiring
treatment withdrawal. This is the only study that has examined the
potential benefit of rifaximin in patients with PSC. The study was a
small pilot study without a control arm and larger studies are there-
fore required before rifaximin could be considered a potential ther-

apeutic agent in PSC.
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Minocycline

Minocycline is a second-generation tetracycline antibiotic, active
against a wide spectrum of Gram-positive and Gram-negative bac-
teria. In addition to antibacterial activity, minocycline has demon-
strated anti-inflammatory and anti-apoptotic properties. The use of
minocycline in PSC has been investigated by Silveira et al who evalu-
ated the safety and efficacy of 100mg minocycline twice daily in 16
patients with PSC, for 1 year.*’ Minocycline resulted in a significant
decrease in ALP (-330U/L, p = 0.04), with a trend towards benefit in
Mayo Risk Score (-0.55, p = 0.05), compared to baseline. However,
only two patients (12.5%) achieved a reduction in ALP of 50% or
more (Table 4), a more meaningful measure of treatment success.
Additionally, nine patients (56%) experienced potential drug-related
adverse effects, three of whom withdrew from the study. Overall,
current albeit limited data do not support the use of minocycline for

the management of PSC.

Azithromycin
Azithromycin is a broad-spectrum macrolide antibiotic with
a long half-life and excellent tissue penetration. Evidence for
azithromycin in PSC is limited to a single case report describ-
ing the improvement of cholestasis-related symptoms and
serum markers in a patient with PSC.>° Boner et al reported on a
45-year-old woman with Crohn's disease and PSC who described
alleviation of cholestasis-related symptoms after inadvertently
continuing azithromycin therapy for 5 months, having been
prescribed it for suspected bronchiectasis. Her symptoms had
previously remained unchanged for 10years despite regular ur-
sodeoxycholic acid therapy. The patient was additionally found
to have a reduction in serum liver enzymes, and furthermore,
resolution of nodular irregularities on liver ultrasound. Three
weeks after ceasing azithromycin, the patient had a recurrence
of dark urine and pruritis. Liver enzymes were found to be el-
evated after 6 weeks. Azithromycin was subsequently reinitiated
and the patient's symptoms and biochemical abnormalities were
again reversed. There have been no other reports or studies, to
the best of our knowledge, of the use of azithromycin in PSC. As
such, the therapeutic possibility of azithromycin in PSC remains
unknown.

Additionally, azithromycin has been shown to have a number
of potentially deleterious effects on the microbiome, including re-

5152 3nd decreased

duced gastrointestinal alpha-diversity in children,
concentrations of important microbial products such as short-chain
fatty acids and secondary bile acids in the colon.>® Clearly, further
safety and efficacy data are required before azithromycin could be

considered a therapeutic option for PSC.

Summary.. Multiple antibiotics have been investigated as therapy
for PSC, with some showing promising early results. The most
widely investigated antibiotic has been vancomycin, however,
further studies are required before antimicrobial therapy could be

recommended as routine treatment for PSC.
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2.2.2 | Dietary therapy

Dietary therapy has been proposed as a potential therapeutic
strategy in PSC, arising from the known efficacy of exclusive en-
teral nutrition in inducing clinical remission and mucosal healing in
Crohn's disease.” In a single case report, exclusive enteral nutri-
tion for a period of 10 weeks induced complete normalisation of
GGT, ALP, ESR, CRP, haemoglobin and albumin, as well as reso-
lution of symptoms including abdominal pain and diarrhoea in a
13-year-old girl with PSC and ulcerative colitis.”® The patient was
then transitioned to a ‘specific carbohydrate diet’. After 1 year,
repeat magnetic resonance enterography revealed focal regions of
minimal intrahepatic biliary duct prominence, which had improved
in appearance compared to pre-treatment imaging. Currently, an
explorative study is investigating the potential benefit of a gluten-
free diet in patients with PSC.>¢ Further investigational studies are
required before dietary therapy could be considered a potential
therapy for PSC.

2.2.3 | Probiotic, prebiotic and postbiotic therapies

Probiotics are live microorganisms that are thought to provide ben-
eficial health effects to the host when administered in adequate
amounts. In a single randomised placebo-controlled crossover
trial investigating a probiotic containing four Lactobacillus and two
Bifidobacillus species in 14 patients with PSC-IBD, there was no
improvement in ALP (Table 4), liver function tests or clinical symp-
toms.®” It must be noted, however, that each microorganism or com-
bination of microorganisms has a unique therapeutic potential and
therefore different species or strains may have different therapeutic
effects. There is modest evidence for the efficacy of certain probi-
otic preparations for the treatment of ulcerative colitis,*® pouchitis®”
and non-alcoholic fatty liver disease®® and given the paucity of re-
search into live bacterial therapeutics for PSC, further studies in this
area are warranted. Prebiotics, which are non-digestible compounds
thought to promote growth or activity of beneficial microbiota, may
have benefits in other liver diseases such as non-alcoholic steato-
hepatitis.®* However, no studies to date have investigated the role of
prebiotics in PSC. Postbiotics are bioactive compounds produced by
the microbiota. At present, there are no trial data testing postbiotics
in PSC.

2.2.4 | Faecal microbiota transplantation

Faecal microbiota transplantation (FMT) involves the transfer
of stool from a healthy individual to a person with disease with
the aim of treating that disease. FMT is currently the standard
of care for recurrent or refractory C. difficile infection with evi-
dence of efficacy from multiple randomised controlled trials.®?-¢4

There is also evidence that FMT can induce remission in ulcerative
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colitis.®>%® In a meta-analysis of four randomised controlled trials,
FMT was significantly more likely to induce clinical remission than
placebo with an odds ratio of 3.67 (95% Cl: [1.82, 7.39], p<0.01)
and a number need to treat of five.®® These data have encouraged
research interest in FMT as a therapy for PSC given the majority of
patients with PSC have concurrent ulcerative colitis and there may
be overlapping pathophysiological mechanisms between these
diseases.

The first use of FMT in PSC was described in a single case re-
port of a 38-year-old man who suffered from recurrent bacterial
cholangitis whilst awaiting liver transplant for PSC.%” He underwent
FMT from a healthy donor once weekly via colonoscopy for 4 weeks.
Concurrent microbiome analysis demonstrated that after comple-
tion of treatment, the patient's microbial community was modified
from baseline to more closely resemble that of the donor. This was
associated with substantial reductions in liver enzymes, bilirubin and
toxic bile acids including cholic acid, deoxycholic acid and chenode-
oxycholic acid. ALP decreased from 4561U/L at baseline to 3441U/L
3 months after treatment, which was sustained after 12months
(3521U/L). He was afebrile and anicteric after the completion of
treatment and remained so at 1 year.

A single open-label pilot trial involving FMT in PSC was pub-
lished by Allegretti et al in 2019.%® In this study, each of 10 patients
with PSC received a single 20ml FMT from a single donor, admin-
istered in the right colon via colonoscopy. Participants underwent
a standard bowel preparation on the day before colonoscopy. The
primary outcome was safety and the secondary outcome was a de-
crease in ALP levels by 250% from baseline by week 24 post-FMT.
The study demonstrated the short-term safety of FMT as a therapy
for PSC, with no reported adverse events. Three out of 10 (30%)
patients experienced a decrease in ALP of more than 50% from
baseline (Table 4). Assessment of microbial composition pre- and
post-FMT showed that alpha-diversity increased in all patients, as
early as 1 week post-FMT and all patients developed greater micro-
bial similarity to the donor. This microbiological trend was largely
sustained at 24 months after treatment. A total of 2024 organisms
which were absent in the patients pre-FMT but present in the donor,
were found to have engrafted 1week post FMT. The richness of fre-
quently engrafted species was correlated with decreased ALP levels,
including those belonging to the Erysipelotrichaceae, Paraprevotella,
Bacteroides and Alistipes taxa. There was no change in bile acid pro-
files after FMT. This was a small pilot study that was not powered to
assess clinical end points and as such, further research is required to
assess FMT as a potential therapy for PSC.

3 | DISCUSSION

PSC remains an orphan disease with a poor prognosis and no effec-
tive medical therapies to prevent disease progression. The develop-
ment of therapies for PSC has been hindered by the rarity of the
condition, heterogeneity in its phenotype, the lack of ideal surrogate

markers, as well as a limited understanding of the pathogenesis of
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the disease. To surmount these difficulties, new therapeutics with
novel mechanisms are needed and innovative adaptive clinical trial
designs may make testing these therapies more feasible.

The gut-liver axis and the gut microbiome in particular have
become increasingly recognised as a therapeutic target for the
treatment of gastrointestinal and liver diseases, including PSC.
Inflammation and injury to the gastrointestinal tract are thought
to lead to the trafficking of microbes and their metabolites via the
portal system, triggering cross-reactivity with a common biliary ep-
ithelial antigen. The recent quantum leaps in gut microbial genomic
sequencing as well as culturing methods may yield mechanistic in-
sights into PSC that translate into therapeutic discovery.

To date, vancomycin has been the most widely studied
microbiome-targeted agent as therapy for PSC. Oral vancomycin
exhibits a low side effect profile and has shown promising results
in two randomised controlled trials, demonstrating reductions in
both ALP and Mayo Risk Scores.>*% The ideal dose and treatment
duration of oral vancomycin remain unknown, and larger trials with
longer follow-up periods are required to determine the long-term
benefit and risks of this therapy.

Other antibiotics such as metronidazole, rifaximin, minocycline
and azithromycin have demonstrated variable and less impressive
clinical results, however, trials of these agents have been small and
further data is required to determine any long-term clinical benefit.
Combinations of antibiotics, or modulation with non-antibiotic ther-
apy have not been tested in PSC although have been shown to en-
hance anti-microbial efficacy in some settings by widening antibiotic
spectrum and creating synergistic effects.®’ Intolerance and allergy
to antibiotics are common and the emergence of antibiotic-resistant
organisms is an important risk that needs to be considered by both
the patient taking the therapy and the community more widely. In
addition, patients with PSC have been noted to have reduced gut mi-
crobial diversity compared to healthy controls and hence antibiotic
therapies may perpetuate this dysbiosis which may have potential
negative long-term health effects.

Increased microbial diversity has been correlated with health
and therefore treatments that enhance microbial diversity may have
potential advantages over therapies that diminish the microbiota.
Whole stool donor FMT involves the transfer of an entire microbial
ecosystem into the gut of the patient. FMT has been demonstrated
to induce remission in UC and given that the majority of patients
with PSC also have UC it is worth exploring this as a therapy. The
only clinical trial evaluating FMT for PSC is small but holds prom-
ise for possible benefit, and larger studies with longer follow-up are
required to demonstrate long-term benefits of FMT in PSC. In addi-
tion, FMT trials have the potential to yield data that may be used to

formulate defined microbial therapies to treat PSC.

4 | CONCLUSION

PSC is a rare but morbid disease with no effective medical therapies.

It is therefore incumbent upon the medical community to investigate
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new treatment paradigms for this orphan disease. The advance-
ments in genomic sequencing and microbiological techniques make
the exploration of microbial therapeutics now possible. This scoping
review demonstrates the early promise of microbial manipulation
as therapy for PSC, and new approaches to microbial therapeutic
development and clinical trial design may finally bring an effective
therapy to the clinic.
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APPENDIX A

PubMed and Cochrane Library were searched using the following

search terms

An initial database search using the keywords “antibiotic” or “vanco-

mycin” or “metronidazole” or “rifaximin” or “minocycline” or “azithro-

mycin” or “diet” or “tacrolimus” or “sulfasalazine” or “infliximab” or

“adalimumab” or “probiotic” or “faecal microbiota transplant” or

“FMT.” Subsequently, each key word was combined with the term

“Primary sclerosing cholangitis” using the Boolean term “AND.” This

strategy was used both as Medical Subject Headings (MeSH) terms

if available and as free text.
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