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Primary sclerosing cholangitis (PSC) is a common indication for liver
transplantation (LT). Up to 25% of patients experience recurrence of PSC
(rPSC) after LT, which is associated with significant morbidity and mortal-
ity. To date, it is not possible to predict which patients are at risk for
rPSC. The aetiology of PSC is complex and is speculated to involve
translocation of intestinal bacteria to the liver, because of its frequent co-
occurrence with inflammatory bowel diseases (IBD). Here, we investigate
whether the mucosal intestinal microbiome of PSC patients (n = 97) at
time of first LT can identify those patients who will develop rPSC. 16S
gene sequencing of bacterial DNA isolated from formalin-fixed paraffin-
embedded biopsies showed that PSC patients with Crohn’s disease
(n = 15) have a reduced microbial diversity and that inflammation of the
mucosa is associated with beta-diversity changes and feature differences.
No differences in alpha- or beta diversity were observed between patients
with rPSC (n = 14) and without rPSC (n = 83). However, many over-rep-
resented bacterial features were detected in patients with rPSC, while sur-
prisingly, those without recurrence of disease were characterized by an
increased presence of the Gammaproteobacteria Shigella. This pilot study
warrants further investigation into bacterial differences between rPSC and
non-rPSC patients.
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cirrhosis and in some cases cholangiocarcinoma. In the
absence of liver transplantation (LT), PSC eventually

Primary sclerosing cholangitis (PSC) is a liver disease
characterized by chronic inflammation, distributed
across both the intra- and extrahepatic biliary tree. PSC
is progressive and results in cholestasis, fibrosis, liver

leads to an early death as there is no medical cure [1-
4]. Outcome after LT is excellent with 87.2%, 78.2%
and 70.3% survival after 1, 5 and 10 years, respectively
[5]. Unfortunately, PSC recurs in 8.6-27% of patients
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Changes in gut microbiome and recurrence primary sclerosing cholangitis

after an average of 4.7 years after LT [6-9]. Recurrence
of PSC (rPSC) is associated with significant morbidity
and mortality and may necessitate retransplantation.
Similar to the primary disease, the aetiopathogenesis of
recurrent PSC is poorly understood [10]. Therefore, it
is as of yet not possible to accurately predict, let alone
prevent, recurrence.

PSC pathogenesis is thought to be multifactorial
combining genetic predisposition with immunologic
and environmental factors [10]. Interestingly, PSC is
prominently associated with inflammatory bowel disease
(IBD), with up to 80% of patients affected by PSC
developing IBD [3]. This striking coexistence is partially
explained by genetics [11]. However, genetic predisposi-
tion is only responsible for 10% of the disease
aetiopathogenesis, implicating a large number of other
factors involved in the development of PSC [12]. The
gut microbiota is an eminent factor of importance in
both IBD and PSC; a reservoir of bacteria, archaea,
eukaryotes and viruses providing endless interaction
with the human immune system [13,14]. Impaired
epithelial lining of the gut (i.e. leaky gut syndrome) is a
phenomenon in IBD, resulting in bacterial translocation
from gut to liver. This enhanced bacterial translocation
in IBD is speculated to be one of the driving forces of
PSC, and it has been hypothesized that bacteria (or
other microbes) carried into the liver via the portal vein
may induce local inflammatory responses [15]. Micro-
bial alterations generally observed in IBD include a
decreased bacterial diversity, in particular in Crohn’s
disease (CD) [16]. Recent publications have shown
alterations in gut microbiome and mycobiome in PSC
patients as well, suggesting the microbiota as a potential
biomarker or treatment target [17-26].

Interestingly, a recent review with meta-analysis
showed that colectomy before LT is associated with a
decreased risk of rPSC [6,27], with the commentary
that patients receiving an end ileostomy seem to
achieve the best graft survival after colectomy [28].
The association between colectomy and rPSC develop-
ment is pointing at a potential role for gut microbes
in rPSC. Although routine colectomy for rPSC preven-
tion is not advocated, some authors suggest further
exploration of the option and timing of colectomy
before or during LT in selected PSC patients [29]. Bet-
ter understanding of the involvement of the gut
microbiome in disease progression might help to
define clinical management.

The development of rPSC could be driven by similar
factors as PSC. Discoveries made in the pathogenesis of
rPSC may be valuable for identification of patients at
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risk of recurrence, developing preventive therapies, and
directing future PSC research in general. LT patients are
monitored prospectively according to a follow-up pro-
tocol offering a well-documented cohort of patients
with a common starting point after the surgical proce-
dure. With the availability of these data, we initiated
this study to determine whether the gut microbiome
differs between liver transplant recipients who do or do
not develop rPSC.

Subjects and sample collection

All consecutive patients with PSC who received a liver
transplant between 1987 and 2015 at our transplant
centre were considered eligible for study enrolment if
they had undergone a screening colonoscopy with
surveillance biopsies pre-LT. Up until 2015, colono-
scopy was a routine practice in our liver transplant
screening procedure. In all PSC patients, either with or
without IBD, random sampling at 10 sites was regularly
performed for pathological assessment of underlying
dysplasia. Biopsy material was stored at stable condi-
formalin-fixed paraffin-embedded (FFPE)
blocks. Transplant cases were identified in our prospec-
tive database, and the biobank was searched for avail-
ability of FFPE colon samples. Only patients with
available colon biopsies were enrolled in our study.
Samples were preferentially taken from the right hemi-
colon.

tions as

Definition and diagnosis of rPSC

Recurrence PSC was defined according to the Mayo
criteria, which includes classic PSC-like disease after
liver transplant and excludes secondary causes of post-
LT biliary disease [30]. Inclusion criteria were the fol-
lowing: confirmed diagnosis of PSC before LT; endo-
scopic or magnetic resonance cholangiography showing
intrahepatic and/or extrahepatic biliary strictures, bead-
ing, and irregularities at least> 90 days after LT; and
histological findings of fibrous cholangitis and/or
fibro-obliterative lesions with or without ductopenia,
biliary fibrosis, or biliary cirrhosis on liver biopsy or
explant histology at time of transplant. Exclusion crite-
ria were the following: hepatic artery thrombosis/steno-
sis; established ductopenic  rejection;
anastomotic biliary strictures alone; nonanastomotic
strictures before post-LT day 90; and ABO incompati-
bility between donor and recipient.

chronic
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Data on rPSC were collected prospectively, and the
diagnosis was confirmed by an expert hepatologist, radi-
ologist and pathologist.

Definition of IBD

Inflammatory bowel disease status was derived from
patient charts. A positive IBD diagnosis was based on a
known history of IBD and pathological assessment of
biopsies taken prior to LT by our expert pathologist.
Crohn’s disease, ulcerative colitis (UC) and IBD-unclas-
sified (IBD-U) were identified.

Antibiotic use

As the use of antibiotics may influence the colon micro-
biome, we recorded all antibiotic treatments within
3 months before the date of the colon biopsy and con-
sidered it as a potential confounder. The use of antibi-
otics leads to rapid luminal microbial changes, and after
cessation, subsequent restoration of the composition
occurs within 1.5 months [31,32]. Three categories were
defined: (i) no antibiotics, (ii) short-term antibiotics
and (iii) prolonged antibiotic treatment. Short-term
antibiotics usage was defined as the incidental use of
antibiotics for an (suspected) infection,
3 months prior to colon sampling. Prolonged antibiotic
usage was defined as a prolonged maintenance treat-
ment to prevent recurrent (biliary) infections within
3 months prior to colon sampling.

within

Ethical considerations

All transplant candidates have given informed consent
for the use of both biopsy specimens and clinical data
collected during the process of LT for scientific pur-
poses. All samples used in this study were primarily col-
lected for routine clinical care. All clinical data were
collected from medical charts and stored anonymously.

DNA extraction and 16S sequencing

The FFPE samples were sliced. For each sample, we
used 14 slices of five micron; seven superficial slices and
seven slices halfway the biopsy, to cover most of the
biopsy. The slices were rinsed with Xylene to remove all
paraffin. Subsequently, bacterial DNA was extracted
from the colon biopsies using the RTP Bacteria DNA
Mini Kit (Stratec®) as per manufacturer’s protocol
[33]. An empty paraffin block not containing human
tissue but undergoing the same DNA extraction
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protocol was used as a ‘kitome’ control to assess con-
tamination. The DNA isolates were sent to Macrogen®
for 16S rRNA gene sequencing (V3 - V4 regions), using
[lumina MiSeq.

Data analysis

Data were analysed and displayed using QIIME V 1.9.1
[34] and Emperor [35].

Operational taxonomic units representing more than
1% of the total amount of reads as determined by kit-
ome control were considered to be contaminant fea-
tures and were removed from all samples. All samples
were rarefied to a depth of 1200 reads. To investigate
whether selection bias had occurred, the prevalence of
rPSC was determined in all patients who had under-
gone a transplant for PSC. Patient characteristics were
described using mean and standard deviation or med-
ian and range (based on normal distribution), or
count and proportion, and compared between patients
with and without recurrence using chi-squared tests
(for categorical variables) and t-tests (for approxi-
mately normally distributed variables). The relative fre-
quency of the phyla and orders found in the samples
was visualized using bar plots. Alpha diversity of each
sample, providing information on the number of spe-
cies (richness) and distribution of those species (even-
ness) within a given sample, was calculated using
Shannon and Chao alpha-diversity indices. Alpha-di-
versity means were compared with pairwise T-tests.
Alpha diversity was visualized using box plots, showing
mean (plus sign), median, interquartile range, mini-
mum and maximum, and outliers. Beta diversity, indi-
cating the diversity of species between samples and
providing information on how samples compare to
each other (similarity), given how different the species
within  said assessed using the
unweighted and weighted UniFrac distance metrics,
displayed as principal coordinates analysis (PCoA)
plots. Mann—Whitney U-tests on alpha diversity and
analysis of similarities (ANOSIM) tests on beta diver-
sity were used to assess differences in diversity between
patients with and without IBD, active inflammation,
antibiotics use and rPSC; and for differences between
sub-groups of IBD (UC, CD, IBD-U, and no IBD)
and differences with regard to the length of antibiotics
use. Linear discriminant analysis Effect Size (LEfSe)
analyses were used to compare and visualize differences
in microbiome between groups, both univariable and
multivariable, on all available taxonomic levels (phy-
lum, class, order, family and genus) [36].

samples are, was
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Study population

A total of 169 patients were transplanted for PSC
between 1987 and 2015. Colon biopsy samples were
available from 98 (58%) of these patients. In the
remaining 71 (42%) cases, the FFPE blocks could not
be provided as too little material was left in the bio-
bank. One patient sample was excluded during analysis
due to a low read count, leaving a total of 97 (57%)
patients for all characteristics and analyses. The PSC
recurrence rate was 12% (n = 21) in the total group of
169 patients and 14% (n = 14) for the patients for
whom samples were available (P = 0.83), suggesting that
no severe selection bias had occurred.

Study cohort characteristics are presented in Table 1.
Median time between colon sampling and LT was
7.2 months (i.e. median time on waiting list, range 1.7—
32.8 months). After LT, 14 patients were diagnosed with
rPSC, after a mean of 4.7 years (SD 3.5). Mean follow-
up time post-LT was 10.7 years (SD 6.0).

Mucosal microbiome is dominated by Proteobacteria
in PSC patients

First, we investigated the taxonomy of all samples
(Fig. 1a for phylum level, Figure S1 for order level).
On average, a relatively high abundancy of the phylum
Proteobacteria is noticeable (41.9%). The commonly
dominating phyla Bacteriodetes (27.3%) and Firmicutes
(16.7%), and in lesser amount Actinobacteria (8%),
are the next most abundant phyla. Microbiomes of
three patients (indicated by arrows in Fig. la,b) were
dominated by one single genus of bacteria: Shigella,
Staphylococcus and  Actinomycetales, respectively. This
also resulted in a drastic reduction in the alpha diver-
sity of the microbial composition in these patients
(Fig. 1b). In one of these cases, the patient was diag-
nosed with an IBD flare at time of colon biopsy,
which in retrospect could have been an acute Shigella
infection mimicking a flare of IBD. In the other two
cases, there is no clear clinical explanation for the
domination of one single genus, as no clinical prob-
lems were reported at that time. Both the Staphylococ-
cus and Actinomycetales genus are commonly found in
gut microbiome samples, but not in these amounts.
All downstream analyses were performed with and
without exclusion of these three patients, with similar
results (data not shown).

Transplant International 2020; 33: 1424-1436

Low microbial diversity in mucosal samples from
patients with CD-PSC

To assess the validity of our set to investigate PSC and its
recurrence, we first investigated whether known micro-
bial changes seen in IBD patients were also present in our
cohort. Fig. 2a,b shows that the colon mucosal micro-
biome of PSC patients with and without IBD shows no
major differences for either alpha diversity (Chao
P =0.41; Shannon P = 0.69) or beta diversity (un-
weighted UniFrac P = 0.64; weighted UniFrac P = 0.90).
However, when sub-classifying IBD entities (Fig. 2¢), a
significantly lower alpha diversity was seen in CD patients
as determined by the Shannon index (4.63 vs. 3.83,
P = 0.03). Investigation of individual feature differences
(Fig. 2d) showed a significantly increased abundance of
the phylum Bacteroidetes in the samples of patients with-
out IBD. Rhodobacteraceae (order) of the Rhodobac-
terales family was also more abundant in the non-IBD
group. On the other hand, PSC patients with IBD showed
increased levels of the Proteobacterium Moraxellaceae.
The corresponding genus, Acinetobacter, was also signifi-
cantly more abundant in IBD-PSC patients in our cohort
as compared to PSC patients without IBD.

Active colonic inflammation versus no colonic
inflammation

As inflammation has been shown to affect the microbial
composition, we next investigated the differences in
microbial composition between samples demonstrating
active inflammation versus inactive disease (Fig. 3). No
significant differences were observed in alpha diversity
between samples with and without inflammation. How-
ever, there was a significant difference in beta diversity
between inflamed and noninflamed states using
unweighted (P = 0.024), but not in weighted UniFrac
(P = 0.62). LEfSe analysis showed several features that
were significantly different between inflamed and nonin-
flamed samples, which are summarized in Fig. 3c. Of
note, an increased abundance of Fusobacteriaceae, Steno-
trophomonas and Micrococcus was seen in inflamed tis-
sues. Furthermore, an increased presence of Deinococcus—
thermus was seen in inflamed tissues in our study. In
inflamed mucosae, reduced levels of Bacteroidetes (phy-
lum) and Caulobacterales (order) were seen.

Antibiotics use

In total, 34 (35%) patients used antibiotics within
3 months before colon sampling was performed. No
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Table 1. Characteristics of the study population.

Total cohort no rPSC rPSC
n =97 n =83 n=14 P-value
Age at Dx PSC (years), mean (SD) 34.7 (12) 34.6 (12.3) 35.1 (10.7) 0.87
Age at LT (years), mean (SD) 44.4 (11) 447 (11.1) 42.7 (10.8) 0.53
CIT (minutes), mean (SD) 470.9 (186.5) 466 (193.1) 500.1 (143.8) 0.53
WIT (minutes), mean (SD) 35.9 (20.8) 36.6 (21.7) 31.6 (14.2) 0.40
MELD at listing, mean (SD) 15.8 (5.7) 15.8 (5.4) 15.4 (7.2) 0.81
Gender 0.32
Male (%) 65 (67) 54 (65) 11 (79)
Female (%) 32 (33) 29 (35) 3 (21)
AB 0.51
No (%) 63 (65) 55 (66) 8 (57)
Yes (%) 34 (35) 28 (34) 6 (43)
AB category
None (%) 63 (65) 55 (66) 8 (57) 0.10
Short (%) 11(11) 11 (13) 0 (0)
Prolonged (%) 23 (24) 17 (21) 6 (43)
Active colonic inflammation 0.48
No (%) 50 (52) 44 (53) 6 (43)
Yes (%) 47 (48) 39 (47) 8 (57)
Indication listing 0.003
Cirrhosis (%) 77 (79) (84) 7 (50)
Recurrent cholangitis (%) 20 (21) 13 (16) 7 (50)
Biopsy location 0.81
Right hemicolon (%) 51 (53) 43 (52) 8 (57)
Left hemicolon (%) 34 (35) 29 (35) 5 (36)
Unspecified colon (%) 12 (12) 11 (13) 1(@7)
IBD yes/no 0.25
No (%) 26 (27) 24 (29) 2 (14
Yes (%) 71 (73) 59 (71) 12 (86
IBD type 0.53
No IBD (%) 26 (27) 24 (29) 2 (14)
UC (%) 53 (55) 45 (54) 8 (57)
m. Crohn (%) 15 (16) 12 (15) 3(21)
IBD-U (%) 3(3) 2 (2) 1(@7)

Bold P-values indicate statistically significant differences.

rPSC, recurrence of primary sclerosing cholangitis; Dx, diagnosis; PSC, primary sclerosing cholangitis; LT, liver transplantation;
CIT, cold ischaemia time; WIT, warm ischaemia time; MELD, model for end-stage liver disease; AB, antibiotics; IBD, inflamma-
tory bowel disease; UC, ulcerative colitis; IBD-U, inflammatory bowel disease — unclassified; SD, standard deviation.

significant differences were noted for both alpha diver-
sity (Shannon P = 0.15; Chao P = 0.076, Figure S2A)
and beta diversity (unweighted UniFrac P = 0.15;
weighted UniFrac P = 0.69, Figure S2B) for patients
who did or did not take antibiotics. Investigation of
individual feature differences
changes, with an increase of mainly Gram-negative bac-
teria in the group of patients who were on antibiotics
(Figure S2C). To further explore the effect of antibiotics
on mucosal microbiome composition, we took into
account the length of antibiotics treatment. The usage
of 11 (32%) patients was qualified as short-term

showed only minor

1428

antibiotics treatment, whereas in 23 (68%) cases the
usage qualified as prolonged. All patients with pro-
longed treatment were taking antibiotics on the day of
sampling. When comparing these categories, no signifi-
cant differences were noted either for alpha diversity or
beta diversity (data not shown). The agents used were
predominantly fluorquinoles and penicillins. Further
analyses by antibiotic group were not feasible due to
limited numbers. In total, these data suggest that use of
antibiotics at the time of sampling did not result in
major microbial alterations in the mucosa and is hence
not a confounding factor in our study.

Transplant International 2020; 33: 1424-1436
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Figure 1 Mucosal microbiome of PSC patients. FFPE samples from PSC patients were collected pre-LT, and microbial composition was deter-
mined. (a) Taxonomy plots at the phylum level. (b) Alpha diversity using the Shannon index. The black arrows point to patients with over-
growth of specific bacteria, corresponding to a reduced alpha diversity.

PSC versus rPSC

We next investigated whether differences in microbial
signatures existed between rPSC patients and patients
who did not develop rPSC. The alpha- and beta-diver-
sity indices showed no significant differences, indicating
that there are no major differences in mucosal micro-
biome composition in PSC patients who do or do not
develop rPSC (Fig. 4a,b). LEfSe analysis however shows
extensive feature differences between the two groups, as
shown in Fig. 4c and Figure S3. Gammaproteobacteria
(class) and Shigella (genus) were significantly more
abundant in patients who do not develop rPSC
(Fig. 4d). An increased presence of several other micro-
bial features was noted in rPSC, many of which were

Transplant International 2020; 33: 1424-1436

unclassified. Of Deinococcus_Thermus — and
Fusobacteraceae were increased in rPSC patients. Other
pathogenic features increased in rPSC include Listeri-
aceae, Desulfosarcina [37] and Fastidiosipila [38].

To investigate whether these feature differences were
affected by confounding factors, we next performed
multiple multivariable LEfSe analyses with a second
variable, consecutively including the use of antibiotics,
IBD, indication for listing, inflammation or site of
biopsy. In all these analyses, the phylum Gammapro-
teobacteria remained significantly increased in non-
rPSC patients (Figure S4). The genus Shigella remained
significant after adding all variables, except for IBD. All
other feature differences were not significant after add-
ing the variables, which are probably related to the

note,
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Figure 2 The microbiome of PSC-CD patients is less diverse as compared to PSC-UC and PSC. PSC patients were divided according to co-oc-
curring IBD disease (n = 71) or no IBD (n = 26). (a) Alpha diversity using the Shannon index (left panel) and Chao index (right panel). (b) Beta
diversity using principal coordinate analysis (PCoA) of unweighted (left) and weighted (right) UniFrac distances. (c) PSC patients were subdi-
vided according to IBD disease type: UC (n = 53), CD (n = 15), IBD-U (n = 3) and no IBD (n = 26). Alpha diversity using the Shannon index
(left panel) and Chao index (right panel). Significant changes are indicated with an asterisk. (d) Cladogram of significant differentially abundant
microbial taxa obtained using LEfSe of PSC patients subdivided according to IBD disease.

limited number of samples in which certain bacteria =~ Gammaproteobacteria and the genus Shigella remained
were detected. When the one sample dominated by Shi-  significantly higher in patients without rPSC (data not
gella was removed from the analysis, both the phylum  shown).
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UniFrac distances. Significant changes are indicated with an asterisk. (c) Cladogram of significant differentially abundant microbial taxa

obtained using LEfSe of samples according to inflammation stage.

In this study, we analysed the association between the
gut microbiome before LT and development of rPSC
after LT. Our approach is unprecedented in rPSC
research with a large group of PSC patients after LT
with biomaterials available. While rPSC has not been
studied in this context, the colonic microbiome of PSC
has been described before [19,39-44]. Various studies
have indicated different microbial alterations in PSC
patients. Some showed an overrepresentation of the
genera Enterococcus, Lactobaccillus and Fusobacterium,

others ~ demonstrated  enhanced  presence  of

Transplant International 2020; 33: 1424-1436

Proteobacteria and Parabacteroides [39], and yet others
demonstrated enhanced levels of Rothia, Enterococcus,
Streptococcus and Veillonella in PSC patients [41,43].
However, most studies agree that richness and diversity
of both the mucosal and faecal gut microbiome are con-
siderably lower in PSC patients than in non-PSC
patients [19,22].

Additionally, two previous studies found that the
alterations in PSC microbiomes are independent of IBD
status, with less IBD-specific microbial changes in PSC
patients [39,43], suggesting that the end-stage PSC
microbiome blueprint may possibly be dominant over
the IBD blueprint [45]. This may explain why in our
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study not all microbial signatures associated with IBD
only seen in literature are reproduced. However, we did
observe reduced alpha diversity in PSC patients with
concomitant CD compared to UC. Furthermore, a
markedly increased abundance of the phylum Pro-
teobacteria was found in PSC-IBD patients, which has
been described in relation to both IBD and PSC before,
and has been related to epithelial dysfunction and
intestinal inflammation [46,47]. In addition, the genus
Acinetobacter, one of the main genera of the Proteobac-
teria phyla to contribute to IBD disease activity [48],
was significantly more abundant in IBD-PSC patients as
compared to PSC patients without IBD. An increased
abundance of Fusobacteriaceae, Stenotrophomonas and
Micrococcus was seen in inflamed tissues, which is in
accordance with previous investigations of IBD disease
activity [49-51], while the found reduced levels of Bac-
teroidetes (phylum) and Caulobacterales (order) in
inflamed tissue are consistent with mouse studies of col-
itis [52]. Thus, these findings are in line with previously
published results for IBD and inflammation [53], indi-
cating that the microbial signature present in the biop-
sies accurately represent disease state and that our
sample is therefore useful for further exploration
regarding rPSC.

In this study, we showed that mucosal presence of
Gammaproteobacteria  Shigella significantly
increased in patients who were not diagnosed with
rPSC. The class Gammaproteobacteria is a large hetero-
genic group of Gram-negative bacteria that are able to
oxidize chemical bonds, hydrogen and sulphur to obtain
their energy. This class contains several important
pathogens: Salmonella spp., Yersinia pestis, Vibrio cho-
lerae, Pseudomonas aeruginosa, Klebsiella, Escherichia coli
and Shigella. Shigella is capable of invading into the
colonic epithelium and the lamina propria, followed by
a cytokine-mediated inflammation of the colon and
consecutive necrosis of the colonic epithelium. This
results in ulcers in the colonic mucosa, causing bloody
stools with mucus with or without febrile diarrhoea,
which could mimic IBD flares [54,55]. An overrepresen-
tation of pathogenic bacteria in the gut of patients who

was

are seemingly at lower risk of rPSC, seems counterintu-
itive. Shigella, however, has been linked to multiple
immunomodulatory mechanisms which are believed to
facilitate and prolong its colonization [55,56]. These
mechanisms could, directly or indirectly, have an effect
on the development of rPSC as well. It has been sug-
gested that Shigella releases mucolytic molecules to
effectuate progression through the colonic mucus layer,
a protective layer preventing the colonic epithelial cells
from making contact with microbes. In reaction, proba-
bly to restore the mucus layer, induced mucin expres-
sion levels (MUC2, MUC5AC, MUC4 and MUCI15)
were detected after Shigella infection in both in vitro
and in vivo models, the latter in a rat ileal loop model
[57—60]. Thus, it might be speculated that an improved
mucus layer in the presence of Shigella prevents contact
with and invasion of other microbes, resulting in less
activation of the immune system and a reduced chance
of rPSC. In addition, MUC2 and MUCS5AC are both
weakly expressed in cholangiocytes [61]. If Shigella
would also activate mucin production in bile ducts, one
could theoretically reason that this may be beneficial in
protecting these cells against, thus far, unknown harm-
ful insults involved in rPSC development. However,
these are theoretical possibilities that need confirming
data in future studies.

We acknowledge several strengths and weaknesses in
our study. First, in most studies investigating PSC
microbiome, faecal samples have been used. Here, we
chose to use FFPE material, as prospective biobanking
of fresh samples to address rPSC is logistically challeng-
ing, and would require long follow-up times. While we
took sections from multiple depths of the biopsy in
order to capture the full spectrum of mucosal microbes
as best we could, an underrepresentation as compared
to whole biopsies may still have occurred. However,
while the faecal microbiome is altered by everyday
changes (e.g. food intake, alcohol consumption, exer-
cise), the mucosal microbiome is more consistent over
time [62]. Furthermore, the mucosal microbiome may
be more relevant to disease aetiology as these bacteria
have the ability to invade the colonic epithelium,

Figure 4 Specific changes in microbiome according to PSC recurrence status. Patients were grouped into those showing no recurrence of PSC
after LT (no rPSC) (n = 83) and those showing recurrence during follow-up (rPSC, n = 14). Significant changes are indicated with an asterisk.
(a) Alpha diversity using the Shannon index (left panel) and Chao index (right panel). (b) Beta diversity using principal coordinate analysis
(PCoA) of unweighted (left) and weighted (right) UniFrac distances. (c) Cladogram of significant differentially abundant microbial taxa obtained
using LEfSe of samples separated according to recurrence or no recurrence of PSC. Legend is abbreviated — for full list of feature differences,
see Figure S3. (d) Relative abundance plots for Gammaproteobacteria (left) and Shigella (right) according to PSC recurrence status. Mean and
median are indicated by solid and dotted lines, respectively. Mean relative abundance of Gammaproteobacteria was 0.167 vs. 0.084 for no
rPSC versus rPSC (P = 0.0005), and Mean relative abundance of Shigella was 0.0409 vs. 0.0066 for no rPSC versus rPSC (P = 0.022).
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thereby releasing toxins and metabolites into the portal
bloodstream and eventually translocate to the liver
[47]. Second, while in our centre 169 liver transplants
were performed for PSC up to 2015, and all patients
underwent a screening colonoscopy, samples were only
available for 98 (58%) of these. While this is a rela-
tively large cohort in PSC research, only 14 patients
were diagnosed with rPSC. However, given our long
follow-up (median 10.7 years) and the fact that the
majority of rPSC patients are diagnosed in the first
5 years after LT, it is unlikely that prolonging the fol-
low-up would have yielded more patients [9]. To verify
the associations found in this pilot study, larger studies
should be performed, ideally including both an IBD
control group and patients undergoing LT for other
liver diseases like primary biliary cholangitis or autoim-
mune hepatitis. Third, the diagnosis of rPSC is notori-
ously challenging, with other post-LT complications
such as nonanastomotic strictures mimicking the dis-
ease. However, we have used combined radiology,
pathology and hepatology expert opinion to determine
whether patients qualified for the diagnosis of rPSC,
while applying the strict Mayo criteria. Lastly, all sam-
ples were taken just prior to the first LT, at which time
all patients are affected by end-stage PSC. Although this
created a rather homogenous sample, it is conceivable
that not all alterations in microbiomes are yet visible at
this point in time. Post-LT biopsies might have given
additional insights, but unfortunately, these were not
available as all biopsies were performed for clinical rea-
sons and not protocoled in a research setting. It would
be interesting to analyse changes in microbiome over
time and correlate this to the onset of rPSC pathogene-
sis in future studies.

In conclusion, we demonstrate for the first time that
the pre-LT gut microbiome of patients undergoing LT
for PSC and eventually developing rPSC post-LT is
associated with specific compositional alterations as
compared to those not developing rPSC. It would be
interesting to investigate to what extent the protective
effect of colectomy on rPSC is associated with microbial
load. As altering the gut microbiome could be an alter-
native to colectomy, further explorations in extending
the criteria for colectomy before or during LT should
be done with extensive caution. While it is too early for
the development of effective and harmless ways to
manipulate the microbiome for the prevention or treat-
ment of rPSC, it is likely that further investigations in

1434

this field may eventually lead to considerable advance-
ments in the foreseeable future [63-65].
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