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The Role of the Intestine in the
Pathogenesis of Primary Sclerosing
Cholangitis: Evidence and Therapeutic
Implications

Gregory Dean,' Stephen Hanauer,” and Josh Levitsky

The pathogenesis of primary sclerosing cholangitis (PSC), a progressive biliary tract disease without approved medical
therapy, is not well understood. The relationship between PSC and inflammatory bowel disease has inspired theories
that intestinal factors may contribute to the development and progression of hepatobiliary fibrosis in PSC. There is
evidence from both fecal and mucosa-associated microbial studies that patients with PSC harbor an abnormal enteric
microbiome. These organisms are thought to produce toxic byproducts that stimulate immune-mediated damage of
hepatocytes and the biliary tree. The link between these mechanisms may be related to altered intestinal permeability
leading to migration of bacteria or associated toxins to the liver through the portal circulation. In support of these
concepts, early trials have demonstrated improved biochemical parameters and symptoms of PSC with oral antibiotics,
ostensibly through manipulation of the enteric microbiota. This article reviews the published literature for evidence as
well as gaps in knowledge regarding these mechanisms by which intestinal aberrations might drive the development of
PSC. We also identify areas of future research that are needed to link and verify these pathways to enhance diagnostic
and therapeutic approaches. (HepaToLocy 2020;72:1127-1138).

rimary sclerosing cholangitis (PSC) is a chronic,

inflammatory disease of the liver and bile ducts

that leads to cholangitis, hepatobiliary fibrosis,
and the potential need for liver transplantation. PSC
also portends higher risk for both cholangiocarcinoma
and colorectal cancers. No accepted medical therapy
for PSC currently exists, in part because the etiology
and pathogenesis of PSC are not well understood. In
up to 80% of cases, PSC is associated with concom-
itant inflammatory bowel disease (IBD), more com-
monly ulcerative colitis (UC) than Crohn’s disease
(CD), although some now believe IBD associated
with PSC to be a distinct entity."? The develop-
ment of PSC does not typically correlate with IBD

disease activity, and an extensive search for a genetic

link has been unrevealing, except for a possible con-
nection with autoimmunity.®* The fact that PSC
can recur after liver transplantation supports the idea
that factors outside the liver itself may drive disease
development.®

It has long been thought that abnormalities in the
complex interplay between the gut and hepatobiliary
system contribute to the pathogenesis of PSC. This
is an alluring model, in part because it may explain
the link between the enteric inflammation seen in
IBD and the development of PSC. Figure 1 illustrates
three key pathogenic mechanisms. First, there may
be an altered population of gut microflora (“intesti-
nal dysbiosis”) in IBD and PSC that produces poten-

tially toxic or immunostimulatory byproducts. Second,

Abbreviations: ALP, alkaline phosphatase; CD, Crohn’s disease; HC, healthy controls; IBD, inflammatory bowel disease; PSC, primary sclerosing

cholangitis; Th17, T-helper 17; UC, ulcerative colitis.
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FIG. 1. PSC patients exhibit decreased enteric microbial diversity and altered species abundances (dysbiosis). These bacteria are thought
to produce toxins, or PAMPs, which, in the setting of mucosal inflammation, translocate paracellularly into the portal venous system
and travel to the liver. Here they are thought to stimulate an immune response, mediated by hepatic and peripheral lymphocytes as well
as gut-derived T-lymphocytes which are activated by intestinal antigens. When chronic, this process leads to cholangiocyte senescence
and fibrosis. Abbreviations: IL, interleukin; PAMP, pathogen-associated molecular protein; PG, prostaglandin; PRR, pattern recognition
receptor; TLR, toll-like receptor; TNF-a, tumor necrosis factor-alpha.
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concomitant IBD may increase intestinal permeability
through mucosal inflammation, allowing translocation
of microbial toxins and bacteria to the hepatobiliary
system. Finally, these bacteria or associated molecules
may stimulate immune activation against hepatocytes
and cholangiocytes, resulting in biliary injury, remod-
eling, and fibrosis. This article reviews the evidence for
these three mechanisms by which microbiome alter-
ations in the setting of altered intestinal permeability
may lead to hepatobiliary inflammation and develop-
ment of PSC. We also discuss potential therapeutic
implications and future research directions related to
the role of the intestine in PSC pathogenesis.

Intestinal Dysbiosis in IBD
and PSC

The vital physiologic roles of commensal enteric
microbiota in the conjugation of bile acids, produc-
tion of vitamins, and facilitation of nutrient digestion
have been well established. In general, high micro-
bial diversity is considered a hallmark of a healthy
enteric ecosystem as competition between commen-
sal bacteria is thought to be related to population
stability. The intestinal microbiome is now studied
using high-throughput RNA sequencing to group
species based on similarity of marker gene sequences
within the highly conserved 16S ribosomal RNA sub-
unit. Significant suppression of microbial diversity or
derangement in bacterial species prevalence is referred
to as “dysbiosis” and has been reported in a wide vari-
ety of conditions.® In animals, small intestinal bac-
teria overgrowth can lead to hepatocyte necrosis and
small-duct biliary inflaimmation resembling early-
stage PSC, which can be attenuated by antibiotic
therapy.(7’8)

Decreased microbial diversity and species-specific
alterations have been reported in PSC, with and with-
out IBD (Tables 1 and 2). Most studies use fecal sam-
ples due to the ease of collection and abundance of
bacteria. Some investigators believe that fecal samples
may not be an accurate representation of mucosa-
associated bacterial populations; thus, others have
studied bacteria derived from colonoscopic muco-
sal biopsies. These results, however, may be limited
by bowel preparations for endoscopy that may alter
microbial populations and have less power to detect
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changes given the relative paucity of bacteria that
can be grown from biopsied tissue. An advantage of
mucosal studies is that the degree of inflammation
(ie., IBD activity) can be precisely characterized on
biopsy. Although some microbiota studies require that
patients with PSC-IBD be in remission, many studies
have included patients with varying degrees of active
inflammation, which is likely a confounder given that
dysbiosis has been widely reported in IBD alone.”’
Compared to healthy controls (HC), patients with
PSC have significant suppression of global diversity
indices (intraindividual or a-diversity) as well as dif-
ferences in population composition and species abun-
dance between sampling units (B-diversity). 017
In the largest study showing these differences,
Rihlemann et al. compared 127 patients with PSC
from Norway and Germany to 118 patients with UC
alone and 133 HC.®¥ Interestingly, the majority of
core microbiota was shared between German and
Norwegian patients, although there were small differ-
ences in both a-diversity and B-diversity between the
two. This is an important consideration as geographic
differences in microbiota may significantly contribute
to microflora variability. Mucosal studies have simi-
larly found reduced o-diversity and (-diversity in
patients with PSC compared to HC, although these
results have not been consistent across studies. '8
Fecal studies also provide evidence that patients
with PSC harbor genus-specific species-
specific changes compared to HC. Multiple studies
have found significant increases in the abundance of
Veillonella, Enterococcus, and Streptococcus. Veillonella, an
amine-oxidase expressing organism, could play a role
in aberrant gut lymphocyte tracking to the liver, while
Enterococcus is a vancomycin-sensitive organism that
has been found to contribute to intestinal barrier dis-
ruption and inflammation through a metalloprotease
that cleaves epithelial cadherins. ?2) Studies have also
found increases in the class Gammaproteobacteria,
which comprises Enterobacteriaceae and common
gastrointestinal pathogens such as Klebsie/la and
Proteus. ") Others have analyzed fungal dysbiosis,
finding several species-specific differences, including
decreased Saccharomyces cerevisiae, which is interest-
ing as PSC has been associated with anti—S. cerevisiae
antibodies. "> Meanwhile, evidence for species-
specific changes in PSC obtained from mucosal biop-
sies has been less convincing than data from fecal
samples, although two studies found major shifts in

and
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TABLE 1. Studies of Fecal Microbiota in PSC

Kummen et al.(?

Sabino et al.(1®

lwasawa et al.d "

Bajer et al.(?

Year

Patients with PSC

Age (mean)

PSC-IBD (%)

PSC-UC (%)

PSC-CD (%)

PSC duration
(mean, years)

IBD controls

Age (mean)

HC

Age (mean)

a-Diversity

PSCvs. IBD

PSC vs. HC

p-Diversity

PSC vs. I1BD

PSC vs. HC

PSC vs. IBD-PSC

IBD activity IBD
alone

IBD activity
PSC-IBD

Toxa increased
PSC vs. HC

Toxa decreased

2017
85
49
55 (65)
44 (52)
11(13)
9.1

36
40
263
46

——

Different
Different
Similar
Quiescent

Quiescent

Viellonella

Coproccoccus, Phascolarctobacterium,

2016
66
49
48 (73)
27 (41)
21 (32)

43
50
66
52

Different
Different
Similar

Mean IBD activity score 2.5;

median CRP 2.15

Mean IBD activity score 0.5;

median CRP 2.15
Veillonella, Streptococcus,

Enterococcus, Lactobacillus,

Fusobacterium

2017
13

15

13 (100)
6 (46)

Different
Different

50% in remission, 31% mild,
19% moderate/severe

70% in remission, 30% mild,
none moderate/severe

Veillonella, Streptococcus,
Enterococcus

2017
43
40
32 (74)

32
40
31
44

Different
Different

62.5% mild/remission, 9.4%
moderate, 9% severe

75% mild/remission, 12.5%
moderate, 12.5% severe

Veillonella, Rothia,
Streptococcus, Enterococcus

Coprococcus

PSC vs HC Lachnospiraceae
Christensenellaceae
Torres et al.17) Lemoinne et al.(® Riihlemann et al.(1® Nakamoto et al. (¥
Year 2018 2020 2019 2019
Patients with PSC 15 49 137 18
Age (mean) 42 41 47 33
PSC-IBD (%) 15 (100%) 27 (55) 75 (55%) 18 (100%)
PSC-UC (%) 11 (73%) 12 (24) 18 (100%)
PSC-CD (%) 4.(27%) 11 (22) 0 (0%)
PSC duration 7.8 6 8,2
(mean, years)
IBD controls 15 33 118 16
Age (mean) 45 36 43 39
HC 30 133 10
Age (mean) 31 47 32
a-Diversity
PSC vs. IBD —— «— (Norwegian), 1 —
(German)
PSC vs.HC ! I (Norwegian), «— l
(German)
B-Diversity
PSC vs. IBD Different Different Different
PSC vs. HC Different Different
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Torres et al.(1”)

TABLE 1. Continued

Lemoinne et al.®

DEAN, HANAUER, AND LEVITSKY

Ruhlemann et al.('®

Nakamoto et al.(®

PSC vs. IBD-PSC
IBD activity IBD

alone severe
IBD activity

PSC-IBD severe
Taxa increased

PSC vs. HC

Taxa decreased
PSC vs. HC

87% remission/mild, 13% moderate/

64% remission/mild, 36% moderate/

Increased vs. IBD: Ruminococcus,
Fusobacterium

Blautia, Roseburia, Veillonella, Dorea

Abbreviation: CRP, C-reactive protein.

Different
Quiescent

Quiescent

Exophiala (fun-
gal), Veillonella,
Sphingomonadaceae,
Alphaproteobacteria,
Rhizobiales

Saccharomyces cereviseae
(fungal) Ruminococcus,
Ruminiclostridium,
Faecalibacterium,
Lachnoclostridium, Blautia

Similar
Median fecal calprotectin
43.3

Median fecal calprotectin
29.4

Veillonella, Strepfococcus,

Enterococcus,
Lactobacillus,
Parabacterioides,
Gammaproteobacteria

Coprococcus

TABLE 2. Studies of Mucosal Microbiotain PSC

Mayo 0:2, 1:3,2:6, 3:5; mean
CRP0.28

Mayo 0:1,1:8,2:1, 3:0; mean
CRP0.20

Enterococcus gallinarum,

Klebsiella pneumoniae,
Proteus mirabilis

Rossen et al.?" Torres et al.!? Kevans Quraishi et al.(1®
Year 2015 2016 2016 2017
Patients with PSC 12 20 31 11
Age (mean) 29.5 47 43
PSC-IBD (%) 12 (100) 19 (95) 31 (100) 11 (100)
PSC-UC (%) 8 (67) 13 (65) 31 (100)
PSC-CD (%) 4 (33) 6 (30) 0
Disease duration (mean, years) 2 4 1.3
IBD controls 11 15 30 10
Age (mean) 50 48
HC 9 9 9
Age (mean) 65 65
a-Diversity
PSC vs.IBD —— ——
PSC vs.HC 1 ——
B-Diversity
PSC vs. IBD No difference No difference No difference Different
PSC vs. HC No difference Different

PSC vs. IBD-PSC
IBD activity IBD alone

IBD activity PSC-IBD

Taxa increased in PSC vs. HC
Toxa decreased in PSC vs. HC

Clostridiales populations."”?Y One notable finding
in two mucosal studies was that bacterial populations
did not differ significantly at different sites in the

colon. 1819

18% with endoscopic
disease activity

21% with endoscopic
disease activity

Clostridiales

73% quiescent, 27% mild/

moderate

55% quiescent, 45% mild/

moderate

Blautia, Ruminococcus

Mayo endoscopic
score < 1

Mayo endoscopic
score < 1

Escherichia, Megasphaera,

Prevotella, Roseburia,
Bacteroides

Some work suggests that the severity of liver
disease may correlate with the severity of dysbio-
sis. Sabino et al. found that patients with cirrho-

sis or needing liver transplant had more extreme
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deviations in several genera from HC.1® It is pos-
sible that hepatic dysfunction, including changes in
bile acid metabolism or portal hypertension, could
contribute to dysbiosis. Investigation of dysbiosis
in a range of other liver diseases has revealed sim-
ilar associations, raising the question of how spe-
cific these changes are to PSC.(2% Notably, none of
these studies included a non-PSC cholestatic con-
trol group.

It is also useful to compare patients with PSC with
and without IBD to patients with IBD alone, especially
when considering the confounding effect of intestinal
inflammation on the enteric microbiome. Suppression
of microbial diversity has been well established in
IBD alone.”’ Fecal and mucosal studies have consis-
tently found differences in p-diversity between PSC
(with or without IBD) and IBD alone, indicating that
patients with PSC harbor distinct enteric microbial
populations. Some have actually found that there is
more extreme suppression of global diversity in IBD
alone than PSC, although patients with IBD in these
cohorts tended to have higher intestinal inflammatory
activity than patients with PSC-IBD. This raises the
likelihood that active inflammation in IBD contrib-
utes to dysbiosis. 111510

Finally, studies disagree on whether patients with
PSC-IBD have different microbial profiles from
patients with PSC alone. Rithlemann et al. found
that there was no significant difference in p-diversity
between PSC alone and PSC-IBD, indicating that
PSC-specific alterations may occur independently
of IBD.® Similarly, Kummen et al. found that the
global microbial signature was comparable in PSC
with and without IBD.? Notably, all patients in this
study were reported to be in IBD remission. In con-
trast, Bajer et al. found that patients with PSC-IBD
had more extreme decreases in diversity than patients
with PSC alone, although this study included a sig-
nificant portion of patients in both groups who had
active inflammation.’” The contrast between these
studies again highlights the importance of factoring
in IBD activity in these analyses.

In summary, there is evidence that patients with
PSC harbor an enteric microbiome characterized by
globally reduced diversity and different species pro-
files from patients with IBD and HC. This is espe-
cially notable regarding the prevalence of Veillonella
and Enterococcus, two organisms which may have a
mechanistic basis for pathogenic activity. It is unclear
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if microbial populations differ between PSC-IBD
and PSC alone, and it may be dependent on IBD
activity. Evidence from mucosal biopsy studies gen-
erally echoes the findings of fecal studies with respect
to reduced diversity and some PSC-specific spe-
cies alterations. Despite this evidence, we cannot yet
determine whether these alterations reflect a cause or
effect of PSC or the specificity of these changes for
PSC. Efforts are needed to determine the time course
of developing dysbiosis at different points of disease
development and progression, as well as to account for
IBD activity and environmental variability.

Intestinal Permeability and
Bacterial Translocation

An intact gut epithelium provides complex antimi-
crobial mucous layers and intercellular tight junctions
that serve as a first line of defense against invasion
by pathogens and commensal bacteria. In the setting
of mucosal injury, bacteria and toxins can translocate
paracellularly through disrupted tight junctions into
the portal circulation.®”) Both small and large bowel
permeability can be studied using functional assays
that compare the absorption of poorly or nonabsorbed
oligosaccharides; higher urinary elimination of larger
molecules represents increased intestinal permeabil-
ity.(%) Similar to intestinal dysbiosis, increased intesti-
nal permeability has been extensively reported in many
disease states.?”) Most of these studies have evaluated
small bowel permeability as assessment of large bowel
permeability requires a longer duration of urine col-
lection (up to 24 hours, to allow for transit time to
the colon) as well as use of alternative probes that are
not degraded by colonic bacteria.?®) There is strong
evidence for increased small intestinal permeability
in IBD, particularly CD, as well as first-degree rela-
tives of these patients.?” There is also some evidence
of increased small and large bowel permeability in
UC.C"3 Studies in both UC and CD have reported
increased permeability in the setting of quiescent dis-
ease; however, others have also found the degree of
permeability not only to correlate with endoscopic
disease activity but to attenuate with treatment.®”

In PSC, we identified only one Swedish study that
failed to show differences in small bowel permeabil-

ity in PSC with or without IBD compared to HC.®%
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However, this study was small in size and did not
assess for colonic permeability, which requires the
extended methodology described above. Thus, stud-
ies of larger size and comprehensive small and large
bowel permeability assessments in PSC with and
without IBD are needed to establish the key initial
question of whether intestinal permeability is truly
altered in PSC. The fact that UC tends to be more
clinically quiescent in patients with concomitant PSC
argues against the theory that intestinal inflammation
causing increased colonic permeability contributes to
PSC development.!
ing that patients who underwent colectomy prior to
or at the time of liver transplantation may have less
risk of developing recurrent PSC in the transplanted
liver supports this idea.®” Although severity of IBD
activity and PSC disease course do not appear to be
connected in epidemiological studies, research has yet
to determine if treatment of IBD, quiescent or not,
alters the natural history of PSC."®)

A more indirect way to test for intestinal permea-
bility is to assess for translocation of bacteria or bac-
terial antigens across the gut barrier into the portal
circulation. This is difficult to study in humans due
to the need for invasive portal venous sampling.
Several studies have shown that a high percentage
of patients with PSC, especially those with signif-
icant biliary stenoses, have a higher prevalence of
enteric bacteria present in bile duct samples.5*"
Given the challenges intrinsic to studying por-
tal or biliary tracts, investigators have also focused
on peripheral blood microbial byproducts, such as
lipopolysaccharide, a gram-negative endotoxin, and
lipoteichoic acid, a gram-positive cell wall com-
ponent. Multiple studies have correlated periph-
eral endotoxemia with both acute and
liver disease.*?™*¥ In patients with alcoholic liver
disease, Parlesak et al. found increased small and
large intestinal permeability to polyethylene glycol
of molecular weight similar to endotoxin, as well as
peripheral endotoxemia. Notably, patients with more
advanced liver disease did not have more extreme
changes in permeability or endotoxemia than those
with normal transaminases and liver function tests,
indicating that these changes may be related to
toxic exposures in the gut rather than hepatic dys-
function.*? In an elegant translational experiment,
Nakamoto et al. transplanted fecal microbiota from

patients with PSC-UC, patients with UC, and

1,2,36 .
2,36) However, evidence show-

chronic
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healthy patients into germ-free mice. PSC-UC mice
showed increased levels of serum endotoxin, and
the same bacteria that were altered in the feces of
patients with PSC-UC (Table 1) were found in the
mesenteric lymph nodes of transplanted mice. One
strain of Klebsiella directly invaded the intestinal
mucosa of transplanted mice, leading to increased
gut permeability and endotoxemia.™ The fact that
these changes occurred in the absence of liver dis-
ease highlights the possible link between dysbiosis,
intestinal permeability, and bacterial translocation.

Hepatobiliary Inflammation
Due to Intestinal Alterations

Proof-of-concept the hypothesis that
immune-mediated hepatobiliary injury might result
from intestinal factors comes from animal mod-
els showing that intentional overgrowth of intes-
tinal bacteria or fecal administration of bacterial
byproducts can lead to hepatobiliary inflaimmation
resembling PSC.®*) In fact, the liver is con-
tinuously exposed to a wide variety of potential
enteric antigens under physiologic conditions and
thus must have a finely tuned balance between pro-
tective immune responses and tolerance in order
to avoid tissue injury. Intestinal flora can generate
pathogen-associated molecular proteins that acti-
vate proinflammatory cascades, propagated by both
hepatic macrophages and cholangiocytes.**” In
PSC, the complex immune response orchestrated
by cholangiocytes has been the subject of intense
investigation. Cytokine mediators from these cells,
produced in response to microbial components,
have been shown to lead to hepatic and peripheral
inflammatory cell chemotaxis to the biliary tree,
myofibroblast proliferation and differentiation, and
cholangiocyte senescence and apoptosis.**** When
chronically activated, the result of this cascade is
remodeling, fibrosis, and eventual obliteration of the
bile ducts.

Cholangiocytes from explanted livers of patients
with PSC display inappropriate immune signaling
in response to endotoxins compared to non-PSC
explants.*® There is other evidence that patients
with PSC exhibit inappropriate immune responses

for

to intestinal factors as well. The aforementioned
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Nakamoto study found up-regulation of inflam-
matory and fibrosis gene expression, as well as
T-helper 17 (Th17) cell priming in the livers and
colon of PSC-UC mice after fecal transplantation
from patients with PSC.1¥ Katt et al. used bacte-
ria isolated from biliary fluid of patients with PSC
to stimulate peripheral blood mononuclear cells,
finding that patients with PSC exhibited a greater
Th1 and Th17 response than HC or patients with
primary biliary cholangitis and that patients with
PSC-IBD did not differ in this response from
patients with PSC alone.®” These findings indi-
cate that the Th17-cell response may play a criti-
cal role in promoting fibrosis in patients with PSC;
the importance of these cells in mucosal immunity
and the ability of interleukin-17 to promote hepatic
inflammation and fibrosis has been established.®%°%

Enterohepatic bile acid circulation is also a key reg-
ulator of the “gut-liver axis” and is thought to play
an important role in the immune response. Primary
bile acids synthesized in the liver are metabolized
by gut bacteria and then recycled back to the liver
through enterocyte uptake, mediated by the farsenoid
X receptor and Takeda G-protein-coupled receptor 5.
Recent work shows that binding of bile acids to these
receptors induces antimicrobial peptide production,
enhances fibroblast growth factor production, and
modulates metabolism.®*® TIntestinal dysbiosis has
been shown to alter the balance of primary and sec-
ondary bile acids, which could modulate these com-
plex signaling pathways.(57)

Another theory holds that gut-derived T lym-
phocytes, activated in response to intestinal antigens
or by episodes of intestinal inflammation, home to
the liver and initiate immune-mediated damage.
This process may be facilitated in PSC by abnor-
mal hepatic expression of endothelial cell adhe-
sion molecules such as mucosal vascular adhesion
cell adhesion molecule 1 (MAd-CAM-1), which is
typically limited to the gut, and vascular adhesion
protein-1 (VAP-1), a protein that facilitates leuko-
cyte transmigration across vascular endothelia.®®
Similarly, the work of Adams and Afford suggests
that a network of chemokine receptors that are nor-
mally restricted to the gut are aberrantly expressed
in the liver, leading to the recruitment of intestinal
lymphocytes through enterohepatic circulation.®”
Other studies have found phenotypic differences in
both circulating as well as colonic lymphocytes of
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patients with PSC compared to patients with UC
or HC.(60-62

The degree to which differences in lymphocyte
profiles and immune signaling can be attributed to
intestinal factors is unclear. There is also likely an
underlying genetic basis; gene studies have iden-
tified 23 or more susceptibility loci in PSC, with
the strongest associations being with the human
leukocyte antigen (HLA) complex. The genetic
overlap with IBD is not as strong as initially sus-
pected, again suggesting that PSC-IBD is a unique
entity.(4’62) Further, siblings of patients with PSC
do have an increased risk of developing PSC sim-
ilar to other autoimmune conditions. However, the
largest genome-wide association studies suggest
that genetic factors explain only a small proportion
of overall PSC liability.**¥ It is likely that PSC
develops in genetically susceptible individuals in
response to immune triggers, including intestinal
antigens. However, specific antigenic stimuli, enteric
or otherwise, have not yet been correlated with these

HLA loci.®

Targeting Intestinal
Alterations for PSC

Treatment Strategies
There are no approved medical therapies for PSC.

Immunosuppressive agents, anti-inflammatory drugs,
and bile acid therapy (ursodeoxycholic acid [UDCA])
have not led to improvement in disease course.
Therapies aimed at manipulation of the enteric flora,
intestinal permeability, and inflammatory response to
microbes could potentially delay PSC progression or
even the onset of disease. Surrogate endpoints are now
being used to define clinical response as several of the
major clinical endpoints (death, liver transplantation)
take years to occur in trials. Studies have found that
alkaline phosphatase (ALP) reduction to <1.5 times
the upper limit of normal is associated with increased
time to death, liver transplantation, and development
of cholangiocarcinoma.®+%

In small clinical trials, administration of oral
antibiotics has been shown to lower ALP and liver
enzymes and, in some cases, to alleviate symptoms of

PSC. Tabibian et al. achieved a primary endpoint of
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> 40% reduction in ALP with administration of both
low-dose and high-dose vancomycin as well as high-
dose metronidazole in 35 patients with PSC. Further,
the Mayo PSC risk score, a commonly used clinical
tool designed to predict mortality in PSC, decreased
significantly in both low-dose groups, and pruritus
decreased in the high-dose metronidazole group.(éé)
Davies et al. found significant improvement in liver
enzymes and clinical symptoms in response to oral
vancomycin in nearly all 14 pediatric patients with
PSC; further, there was recrudescence of symptoms
after discontinuation of therapy.*”” Other small stud-
ies have found improvement of symptoms in patients
with PSC on oral antibiotics as well.*®

The mechanism of action of antibiotic therapy has
not been confirmed. Although it may involve sup-
pression of pathogenic enteric bacteria, pre-therapy
and post-therapy microbial analyses have not yet
been performed. Independent from its antibiotic
properties, vancomycin may have immunomodula-
tory effects on the tumor necrosis factor-alpha and
transforming growth factor-beta (TGF-p) path-
ways.®”7% Abarbanel et al. reported that pediatric
patients with PSC had increased levels of regulatory
T cells and TGF-p after vancomycin therapy, par-
allel to improvement in liver biochemistry, biliary
imaging, inflammation in liver and intestinal biop-
sies, and IBD symptoms.”” Whether immunomod-
ulation was a driver of disease improvement in this
study or an effect of antibiosis is uncertain.

Finally, alternative therapies such as fecal trans-
plant and probiotics have also been explored.
Allegretti et al. treated 6 quiescent patients with
PSC-IBD (mostly UC) with fecal transplant and
found increased microbial diversity in fecal samples
following treatment as well as a reduction in ALP in
3 of the 6. Vleggaar et al. treated 14 patients with
PSC with probiotics but did not find any improve-
ment in lab parameters.(73) More studies with larger
sample sizes are needed to assess the efficacy of
these treatments.

Taken together, the intentional alteration of intes-
tinal microflora appears to be a promising thera-
peutic target in preliminary studies. Skepticism over
biochemical improvement alone is understandable in
PSC, given that UDCA was shown to lead to bio-
chemical improvement but not to slow progression of
disease and may be harmful in high doses.”* Studies
of longer duration demonstrating symptomatic benefit
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and improvement in other meaningful endpoints are
needed to understand the true benefit of antibiotic
therapy as well as determine their mechanisms of
action.

Summary and Future

Directions
We have highlighted several lines of evidence that

intestinal alterations such as dysbiosis, altered per-
meability, and dysregulated enterohepatic immune
signaling may contribute to the pathogenesis of
PSC. Modification of the intestinal microbiome and
immune activation may improve biochemical end-
points and clinical symptoms of PSC. However, this
review has identified several key questions that still
need to be answered to link these pathways and vali-
date treatment strategies.

First, we cannot yet determine if PSC is the cause
or an effect of altered intestinal permeability. While
increased intestinal permeability is often cited as a
critical link in the pathogenic pathway, this has yet to
be demonstrated in humans with PSC. Thus, in clin-
ical studies, patients with mild, early-stage PSC with
and without quiescent IBD need to have simultaneous
assessments of the fecal and mucosal microbiome, small
and large bowel permeability, and systemic inflamma-
tory analyses in order to have a true baseline. From
here, we can better compare to patients with later-stage
disease and analyze PSC versus PSC with IBD as well
as type (UC versus CD) and location of IBD.

Second, IBD activity has thus far been inadequately
controlled for in studies. Studies of PSC should use
quiescent patients with IBD but also separately explore
the effect of IBD activity in PSC pathogenesis in
order to more adequately elucidate the relative contri-
bution of gut inflammation and microbial changes to
the pathogenesis of PSC. These studies may provide
turther evidence of our hypothesis that intestinal alter-
ations are key to the development of PSC. Alternatively,
there could be separate nonintestinal pathways in
patients with PSC alone that need deeper exploration.
Some intestinal alterations may occur in the absence
of observable inflammation, as with first-degree rela-
tives of patients with IBD who exhibit similar enteric
dysbiosis.*” In addition, with intermittent endoscopic
procedures alongside random biopsy sampling, it is
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possible that quiescent, undiagnosed IBD is missed in
the PSC population. Further study of this phenomenon
may lead to earlier and/or more aggressive treatments
for patients with PSC and IBD. The ultimate goal is to
determine if therapies targeting these pathways modu-
late the disease course of PSC and reduce the develop-
ment of serious, life-threatening complications.
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