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Few studies reported the relation of intestinal microbiome composition and diversity in
pediatric patients with primary sclerosing cholangitis (PSC) and ulcerative colitis (UC). In this
cross-sectional study, we selected patients younger than 19 years old from the pediatric
gastroenterology and hepatology outpatient clinic of a tertiary hospital to describe the
intestinal microbiome of pediatric patients with PSC associated or not to UC. Patients were
divided in PSC, PSC+UC, and UC diagnosis. A stool sample was collected from each patient
(n=30) and from a healthy relative/neighbor (n=23). The microbiome composition was
assessed using MiSeq (Illumina) platform. Differences in microbial composition were found
between PSC and PSC+UC groups. The relative abundance of Veillonella andMegasphaera
genera were increased depending on patients’ age at diagnosis. Veillonella was also
increased in patients who were in an active status of the disease. Both genera were
positively correlated to total bilirubin and gamma-glutamyl transferase. As a conclusion, the
disease, the age and the disease activity status seem to influence the intestinal microbiome,
highlighting the difference of intestinal microbiome profile for patients depending on age at
diagnosis. We also showed an increase of Veillonella in patients with PSC and PSC+UC, and
a positive correlation of dysbiosis and higher gamma-glutamyl transferase and total bilirubin in
PSC+UC patients. Our findings are promising in the diagnosis, prognosis, and future
therapeutic perspectives for PSC patients.

Keywords: primary sclerosing cholangitis, ulcerative colitis, gut microbiome, 16S rRNA, dysbiosis
INTRODUCTION

Primary sclerosing cholangitis (PSC), a chronic inflammatory disorder that affects the hepatobiliary
system, is characterized by an inflammatory process, leading to progressive fibrosis of intra- and/or
extrahepatic bile ducts (1). Periductular fibrosis (“onion skin fibrosis”) is the hallmark for the diagnosis
of PSC.The diagnosis of PSC is based on endoscopic retrograde cholangiopancreatography ormagnetic
resonance cholangiopancreatography. Clinically, PSC can progress to cholestasis, cholangitis, cirrhosis,
and hepatic failure, with associated complications (2, 3) usually affecting the entire biliary tree (4).
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Although PSC is more frequently reported in adults (5, 6), it
can start at any age. In pediatric patients, the age at diagnosis is
usually around 10 to 16 years of age (7, 8). The symptoms,
progression and laboratory markers of the disease differ between
pediatric and adults patients, which might explain distinct
outcomes according to the age (4).

There is a strong association between PSC and inflammatory
bowel disease (IBD) (9); recently, Deneau et al. (1) found that
76% of 781 children in the Pediatric PSC consortium had
concomitant IBD, mostly ulcerative colitis (UC) or IBD-
unclassified (83%). Additionally, Lee et al. (10) reported that
71% of children had PSC and IBD, concomitantly.

The etiology and pathogenesis of PSC and the causes of its
association with UC remain unknown. The initial event and the
mechanisms responsible for progressive changes in PSC appear
to be due to an immunologically mediated process (11). In
addition, studies were carried out to explain the peculiar
factors of PSC, mainly the strong association with UC. These
studies suggest that the intestinal microbiota could be a potential
link (9, 12). In this situation, the microbiota would favor
intestinal inflammation and enterohepatic circulation of
bacteria, lymphocytes, or pro-inflammatory molecules derived
from the intestine. Thus, this communication between the
intestine and the liver could lead to portal and biliary
inflammation in genetically predisposed individuals. This
concept forms the basis for the so-called microbiota hypothesis
of PSC (13–15), resulting in tissue destruction concomitant with
an innate immune response to intestinal microbiota antigens,
which activate an abnormal immune response in predisposed
individuals, as well as in UC (12, 16).

To our knowledge, no previous study has reported the intestinal
microbiome composition in patients under 10 years of age
diagnosed with PSC or PSC with concomitant UC. In this study,
we evaluated the intestinal microbiome composition of children
and adolescents diagnosed with PSC, UC, and those with PSC
with concomitant UC, compared to healthy participants.
MATERIALS AND METHODS

Study Population
We performed a prospective study enrolling children aged 3 to
19 years between May 2016 and June 2017, undergoing
Frontiers in Immunology | www.frontiersin.org 2
evaluation for PSC, UC, or PSC with concomitant UC (PSC
+UC), from the pediatric Hepatology and Gastroenterology
outpatient clinic of Child Institute - Hospital das Clinicas da
Faculdade de Medicina de Sao Paulo (ICR – HCFM),
Brazil. Additionally, healthy controls who were siblings or
close relatives aged 2 to 21 years living in the same house or
nearby were enrolled (Table 1). The diagnosis of PSC was made
based on characteristic bile duct changes with multifocal
structures and segmental dilatation by magnetic resonance
cholangiopancreatography (MRCP), clinical presentation,
cholestatic biochemical profile, and no evidence of secondary
sclerosing cholangitis. Patients with autoimmune sclerosing
cholangitis and small ducts were excluded by clinical and/
or liver biopsy. The diagnosis of UC was made according to
established clinical, biochemical, radiologic, endoscopic,
and histologic criteria using the revised Porto criteria (17).
The disease activity was performed using the Pediatric
Ulcerative Colitis Activity Index (PUCAI) (18) clinical score,
blood tests and endoscopic appearance. This study was
approved by the ethical committee of ICR-HCFM (CAAE
33876620.0.0000.0068), and signed informed consent was
obtained from all subjects who provided specimens and
their parents.

Sample Collection and DNA Isolation
Fecal samples were collected from each child enrolled in this
study. Each participant was instructed to collect one stool
sample at home using a dry and sterile stool collector and
keep it in a freezer (−20°C) until the medical appointment,
some hours later. Samples were transported in an ice-filled
polystyrene container (previously supplied to the patient). At
the hospital, the samples were kept at −80°C, until further
analyses. DNA was obtained from stool samples using the
QIAamp DNA Stool Mini Kit (Qiagen), according to the
manufacturer’s protocol.

16S rRNA Gene Sequence Processing
Amplification of the V4 region of the 16S rRNA gene, library
preparation and sequencing steps were performed, on a single
run, as previously described (19). Raw read files were analyzed
using QIIME software (20). All reads lower than 400 base pairs
were discarded. Chimeric sequences were excluded using
usearch61 (21). Based on 99% similarity, the remaining
sequences were compared against Silva (22) version 128 and
February 2021 | Volume 11 | Article 598152
TABLE 1 | General characteristics from groups.

Ulcerative Colitis (UC) Primary Sclerosing Cholangitis (PSC) PSC+UC

Cases Controls P Cases Controls P Cases Controls P

Age (years)a 12 (3–17) 8 (2–15) 0.036* 14 (9–16) 14 (7–21) 0.92 12 (6–16) 11 (3–17) 0.72
Sex b Male 8 (66.7%) 5 (50%) 0.43 5 (45.5%) 6 (85.7%) 0.11 4 (57.1%) 5 (83.3%) 0.32

Female 4 (33.3%) 5 (50%) 6 (54.5%) 1 (14.3%) 3 (42.9%) 1 (16.7%)
Type of deliveryb Vaginal 7 (58.3%) 4 (40%) 0.39 4 (36.4%) 1 (16.7%) 0.40 4 (57.1%) 4 (66.7%) 0.72

Cesarean 5 (41.7%) 6 (60%) 7 (63.6%) 5 (83.3%) 3 (42.9%) 2 (33.3%)
Breastfeeding timeb > 4 months 10 (83.3%) 10 (100%) 0.99 9 (81.8%) 3 (50%) 0.18 7 (100%) 4 (66.7%) 0.99

< 4 months 2 (16.7%) 0 2 (18.2%) 3 (50%) 0 2 (33.3%)
aMean (minimum-maximum); bnumber (percentage); P values are based on Generalized linear model (GzLM) with alinear distribution and bordinal logistic distribution; *Significant when P ≤ 0.05.
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grouped into operational taxonomic units (OTUs). Nucleic acid
sequences are available at the Sequence Read Archive (SRA)
under accession number PRJNA610934.

Data Analysis
Species richness and alpha diversity were estimated by Chao1
(23), Shannon (24), Simpson (25) and Observed OTUs indices.
Principal coordinate analyses (PCoA) were generated based on
weighted and unweighted UniFrac phylogenetic distance
matrices to observe differences in beta diversity between
groups (26, 27). Bray-Curtis distance was used to calculate the
distances between disease participants and their respective
control participants for “active” or “remission” disease status at
the moment of enrollment. To observe differences related to age
at sample collection/diagnosis, after the microbial analysis of the
disease groups versus controls, we subsampled cases in patients
younger and older than 10 years old.

Statistical Analyses
Statistical analysis was performed in SPSS version 22 and R (R
version 3.4.3, Vienna, Austria), using the phyloSeq (28), vegan (29)
and ggplot2 (30) packages. The generalized linear model (GzLM)
was used to compare the groups to the consecutive controls in
relation to descriptive data and to compare PSC, UC, and PSC+UC
group in relation to clinical data through linear and ordinal logistic
distribution. This model was also used to evaluate the effect of the
independent variables (groups) on the dependent variables (for
alpha diversity indices, using gamma distribution, and for bacterial
phyla and genera relative abundance using linear distribution). To
observe differences in beta diversity between groups,
PERMANOVA was performed using the adonis function for both
weighted and unweightedUniFrac distances. For each variable, 999
permutationsweremade.Mann-Whitney testwas used to compare
the distributions of the distances between disease and control
participants for “active” or “remission” status. The influence of
age on the bacterial relative abundance and diversity was evaluated
by sorting the participants in two groups: under and above 10 years
old, considering the clinical relevance of the early and late onset
diagnosis. One-tailed Pearson’s correlation was used to observe the
correlation between clinical data and bacterial genera. For all
analyses, the level of significance considered was P ≤ 0.05.
Frontiers in Immunology | www.frontiersin.org 3
RESULTS

General Characteristics and Clinical Data
Thirty patients were included in this study, which were allocated
in the PSC group (n=11), UC group (n=12), and PSC+UC
group (n=7); additionally, 23 healthy children/adolescents
were included to represent the control group. The general
characteristics and clinical data at collection are described in
Tables 1 and 2, respectively. Overall, no differences were found
between groups regarding general and clinical characteristics,
except for the age in the UC group (12 vs 8 years of age in case
and control groups, respectively; Table 1). Values of gamma-
glutamyl transferase (GGT), reactive C protein (RCP), total
bilirubin and albumin from patients were monitored during all
follow-up (Table 2 and Supplementary Table 1). At collection,
GGT values were significantly increased in the PSC+UC group
compared to the UC and PSC groups, and albumin values were
significantly increased in the UC group compared to the PSC
group (Table 2). In addition, most of the UC patients were in
remission of the disease, and most of the PSC+UC patients were
in activity (Table 2). Moreover, only one participant used
antibiotics in the last 12 months prior to collection.

Cases vs Controls
Firmicutes and Bacteroidetes were the predominant phyla found
in all groups (Supplementary Table 2). However, the relative
abundance of Firmicutes was higher in the control, PSC and UC
groups, whereas the relative abundance of Bacteroidetes was
higher in the PSC+UC group. The levels of Proteobacteria
observed in the PSC+UC group were much higher than those
in the other groups (Figure 1A), but none of these results
reached statistical significance. In addition, we observed that
the Firmicutes/Bacteroidetes (F/B) ratio was well diminished in
the PSC+UC group compared to the other groups (Figure 1B).

In general, the most abundant genera observed were
Bacteroides, Prevotella 9, Lachnospiraceae NK4A136 group,
Ruminococcaceae UCG 002, Veillonella, and Megasphaera
(Supplementary Figure l and Supplementary Table 3). The
genus Bacteroides was predominant in all groups, except for the
PSC+UC group, where Prevotella 9 was the most abundant. In
the comparison between cases and controls, Veillonella (P=0.002)
TABLE 2 | Clinical data from disease groups.

Ulcerative Colitis (UC) Primary Sclerosing Cholangitis (PSC) PSC+UC P

Age of diagnosis (years)a 7 (0–12) 10 (0–14) 7 (3–12) 0.14
Reactive C protein (mg/L)b < 0.3 6 (50%) 3 (30%) 2 (28.6%) 0.53

> 0.3 6 (50%) 7 (70%) 5 (71.4%)
Albumin (g/dl)c 4.44 (0.32) 3.97 (0.67) 4.10 (0.35) 0.048*
Gamma-Glutamyl Transferase (U/L)c 15.08 (3.91) 109.63 (155.31) 413.00 (430,90) <0.001*
Total Bilirubin (mg/dl)c 0.54 (0.31) 2.04 (3.62) 0.99 (1.04) 0.26
Leukocytes (×109/L)c 7.63 (2.97) 6.32 (2.04) 6.47 (1.41) 0.32
Disease stateb Active 3 (25%) 4 (36.4%) 5 (71.4%) 0.16

Remission 9 (75%) 7 (63.6%) 2 (28.6%)
February 2021
 | Volume 11 | Article
aMean (minimum-maximum); bnumber (percentage); cmean (standard deviation); P values are based on Generalized linear model (GzLM) with a,clinear distribution and bordinal logistic
distribution; *Significant when P ≤ 0.05.
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was significantly more abundant in the PSC+UC group. Other
genera, such as Eubacterium coprostanoligenes group (P=0.22),
Ruminococcaceae UCG 002 (P=0.06) and Christensenellaceae R7
group (P=0.08), were significantly higher in the control group, but
the results were not maintained in post hoc test. The same
occurred for genera more abundant in the UC group,
Acidaminococcus (P=0.17), and in the PSC group, Streptococcus
(P=0.07) and Megasphaera (P=0.16). There was a positive
correlation between the abundance of Megasphaera and higher
values of GGT (P=0.032) and the abundance of Veillonella and
higher values of bilirubin (P=0.015) in the PSC+UC group
(Supplementary Table 4).

Microbiome Analysis
To verify the hypothesis of different microbial composition in
PSC pediatric patients according to age at the diagnosis, after the
microbial analysis of the diseases groups versus controls, we
subsampled the cases in younger than 10 years (<10 years) and
older than 10 years old (>10 years) at the sample collection and/
or diagnosis.

Microbiome of Children Under 10
Years of Age
Children under 10 years of age were subsampled according to age
at sample collection; therefore, we subsampled them at <10 years
of age at diagnosis - PSC group (n=3), UC group (n=6), PSC+UC
group (n=3), and Control Group (n=11). The predominant phyla
were Firmicutes and Bacteroidetes (Supplementary Table 5),
and Firmicutes was more abundant in the PSC group and
Frontiers in Immunology | www.frontiersin.org 4
Bacteroidetes was more prevalent in the UC group. The
relative abundances of Proteobacteria and Actinobacteria were
significantly higher in the PSC+UC (P=0.01) and UC (P=0.01)
groups, compared to the control group.

The most abundant bacterial genus found in children <10
years old was Bacteroides (Figure 2A and Supplementary
Table 6), which was more prevalent in the UC group and less
prevalent in the PSC+UC group, but the results were not
statistically significant. Interestingly, the relative abundance of
Bifidobacterium was significantly higher in the UC group than in
controls (P=0.04). The abundance of Streptococcus in the PSC
group was statistically higher than that in the control group
(P=0.001). In addition, the abundance of the genus Veillonella
was significantly greater in the PSC and PSC+UC groups than in
controls (P=0.03 and P=0.01, respectively), and Escherichia-
Shigella showed significantly higher values in the PSC+UC
group than in controls (P=0.04) (Figure 3A).

Microbiome of Children and Adolescents
Over 10 Years of Age
The samples divided in this category were unable to be
subsampled according to age at diagnosis, since the sample size
was too small at this analysis stage. Thus, we subsampled
according to age at collection - PSC group (n=8), UC group
(n=6), PSC+UC group (n=4), and Control Group (n=10). The
predominant phyla in patients over 10 years of age were
Firmicutes and Bacteroidetes (Supplementary Table 7),
Firmicutes more prevalent in the UC group and Bacteroidetes
more prevalent in the PSC+UC group. The predominant genus
A

B

FIGURE 1 | Relative abundance of the main phyla observed in this study. (A) Main phyla in patients according to groups. (B) Barplot of the Firmicutes/Bacteroidetes
ratio for each group. PSC, Primary Sclerosing Cholangitis diagnosed patients; UC, Ulcerative Colitis diagnosed patients.
February 2021 | Volume 11 | Article 598152
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in these patients was Bacteroides (Figure 2B and Supplementary
Table 8), more prevalent in the UC group. We observed a
tendency for higher abundance of Prevotella 9 in the PSC+UC
group compared to the control group (P=0.06), while
Lactobacillus was decreased in the same group. Moreover,
the abundance of the genus Veillonella was significantly higher
in the PSC+UC group than in the control group (P=0.02)
(Figure 3B).

Alpha Diversity
Alpha diversity of children <10 years old showed higher levels of
richness (Chao1), diversity (Shannon) and observed OTUs in the
control group (Figure 4A and Supplementary Table 9), and
Chao1 index was significantly lower in the PSC+UC group
compared to controls (P=0.05). In contrast, the PSC group
presented higher values of Simpson. In patients over 10 years
of age (Figure 4B and Supplementary Table 10), a higher
richness (Chao1) and observed OTUs was identified in
controls, but the results were not statistically significant. In
addition, we observed that the mean values for Shannon and
Simpson were similar in controls and cases in this age group,
differently than children < 10 years of age (Figure 4).

Disease Status—Active vs Remission/
Controlled Disease
To evaluate the influence of active or remission/controlled
disease status on the intestinal microbiome, we explored the
distances between patients and their respective healthy control
according to the disease status (Figures 5A, B). In the PSC+UC
group (Figure 5C), the distances between patients in active
disease status and their respective healthy control were
significantly higher than the distances between patients in
remission disease status from their controls (P=0.048). We
observed a similar tendency for the UC group (Figure 5D);
however, it was not statistically significant (P=0.066).

Subsequent analysis, independent of age and disease groups –
remission/controlled patients (n=18) and patients in activity
(n=12), showed a significant higher relative abundance of
Ruminoclostridium 5 (P=0.02) and Ruminococcaceae UCG 002
(P=0.047) in patients in remission/controlled disease compared
to patients with active disease (Supplementaty Table 11). In
addition, Veillonella was increased in patients with active disease
(P=0.01), and Escherichia-Shigella tended to increase in this
group (P=0.06).
DISCUSSION

The influence of the intestinal microbiome on PSC development
has been described in recent years. Indeed, changes in microbial
composition have been observed in PSC/UC studies with adult
patients (31), suggesting the role of the intestinal microbiome
in the course of the disease and confirming the previous
hypothesis of the “PSC microbiome” (12). In this sense, it is
essential to describe this relationship in either pediatric or
adolescent patients.
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Firmicutes is themajor phyla in human intestinal microbiome,
depicting approximately 60%–65% of microbiome diversity (32).
Bacteroidetes is the second most abundant phylum, comprising
genera involved in degradation of soluble carbohydrates in
Frontiers in Immunology | www.frontiersin.org 6
intestinal lumen. The Firmicutes/Bacteroidetes ratio has already
been described as a marker of eubiosis/dysbiosis in obese
and diabetic patients (33, 34). The increase in Firmicutes
abundance and decrease in Bacteroidetes abundance was
A B

FIGURE 3 | Barplot of statistically significant bacterial genera, according to age. (A) Patients under than 10 years of age; (B) Patients over than 10 years of age.
PSC, Primary Sclerosing Cholangitis; UC, Ulcerative Colitis; * indicates statistical significance compared to the control group (after Sidak’s post hoc test);
¥ Significance in comparison to the control group was not maintained in post hoc test.
A

B

FIGURE 4 | Richness and alpha diversity values of samples, by groups. (A) Samples from patient and control groups under 10 years of age and (B) over 10 years
of age. The richness and alpha diversity are measured by Observed OTUs, Chao1, Shannon, and Simpson indices. The box-plot is representing the interquartile
range (IQR) and the line inside represents the median. The generalized linear model was performed to compare the values between the groups.
February 2021 | Volume 11 | Article 598152
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related to an imbalance in intestinal microbiome composition
and consequently metabolic disorders. Here, we describe new
abundance profiles for these phyla; there was no difference in the
proportion of these phyla in patients with the association of PSC
and UC. The increases in the abundance of Prevotella 9 and
Bacteroides, members of the Bacteroidetes phylum, in the PSC
+UC group were different than the other groups. In addition to
increased Bacteroidetes abundance, the PSC+UC group showed
the highest levels of Proteobacteria, which might explain the
decrease in Firmicutes abundance.

IBD is a well-characterized intestinal disease (35) associated
with microbiome dysbiosis in both children and adult patients
(36). Montreal classification (37) divided IBD occurrence
between pediatric (<17 years old) and adult disease onset. The
Paris Classification divided the pediatric disease into late onset
(LO, >10 years old) and early onset (EO, <10 years old) based on
age at diagnosis. In this way, very early onset (VEO) was
proposed to define children under 6 years of age at diagnosis.
It is already known that in IBD patients, the severity of the
disease increases with age; however, in VEO patients, there are
more complications in the disease course since it starts
earlier (37).

Iwasawa et al. (38) recently studied the microbiome
composition of saliva from children with PSC and UC,
showing different results in the salivary microbiome between
the PSC group and healthy controls. The definition of pediatric
onset for PSC was proposed by the authors. Here, we propose the
use of early onset for patients younger than 10 years of age and
late onset for those older than 10 years of age, including PSC+UC
Frontiers in Immunology | www.frontiersin.org 7
diagnosis, since there is a distinct microbiome pattern between
these groups. Intestinal dysbiosis in pediatric patients might be
considered a possible indicator for disease outcomes (38).

PSC patients showed a distinct pattern of fecal microbiome
according to the age of diagnosis/sample collection. The
abundance of Veillonella was significantly increased in the fecal
microbiome of patients with PSC and PSC+UC in both early-
and late-onset patients compared to the control and UC groups.
However, in early-onset patients, the abundance of Veillonella
was remarkably increased, followed by an increase in
Escherichia-Shigella abundance only in PSC+UC patients.
Interestingly, Megasphaera increased in abundance in late-
onset patients only in the PSC group. Several previous studies
reported an increased in the abundance of Megasphaera and
Veillonella in a study of older children (8) and adults (5, 39).
Veillonella and Megasphaera are gram negative anaerobic roads,
belonging to the Veillonellaceae family and Firmicutes Phylum.
They are usually described as members of mouth and gut human
microbiome (40, 41), and rarely described in human infections
(42). Little is known about the role of these genera in human
intestinal microbiome equilibrium.

In our study, we found a positive correlation between the
abundance of Veillonella and higher bilirubin values and the
abundance of Megasphaera and higher GGT values, suggesting
the role of the microbiome in disease severity. We were unable to
correlate these findings to early or late onset due to our small
sample size in each group. Nakamoto et al. recently showed a
cooperative relationship between pathobionts in a PSC-UC
gnotobiotic animal model assay (43). Their findings suggested
A B

DC

FIGURE 5 | Principal Coordinate Analyses plots of Bray-Curtis distance between each patient and the respective control. (A) According to the disease status of
patients in the PSC + UC or (B) UC groups, and according to the active or remission disease status shows significant differences for the PSC + UC group (C), but
not for the UC group (D) by the Mann–Whitney test. UC, Ulcerative Colitis group; PSC + UC, Primary Sclerosing Cholangitis with concomitant Ulcerative Colitis.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cortez et al. Microbiome Disbyosis in Pediatric Liver Disease
bacterial translocation and an association with increases in the
abundance of Klebsiella and hepatobiliary diseases. They were
not able to detect Veillonella in the studied human cohort;
however, they included adult patients. We could suggest that
Veillonella might be related to PSC outcome in children and
adolescent patients, since this genus was already correlated to the
production of amine oxidases and contributed to the
manifestation of PSC+UC via aberrant lymphocyte tracking
between the bowel and liver (44).

Here, we report a distinct fecal microbiome pattern in PSC
and PSC+UC patients in early onset compared to those in late
onset. Since the abundance of Veillonella in children with
pediatric PSC and PSC+UC was higher, this bacterium might
be related to a biomarker of PSC in younger children associated
with clinical laboratory values, including GGT and bilirubin (1).

Clinically, PSC patients with higher GGT and bilirubin
values, among others, are generally related to worse outcomes
(1). In this transversal pilot study, we showed that PSC associated
with UC is related to intestinal microbiome dysbiosis in younger
children and positively correlated with high GGT and bilirubin
values. Despite our small sample size, the worse outcomes at 6
and 12 months of follow-up were for patients with high values of
GGT and bilirubin at collection (Supplementary Table 1).
However, a longitudinal study is necessary to establish
intestinal dysbiosis and worse outcomes.

Interestingly, Veillonella was also significantly increased in the
intestinal microbiome in patients with active disease at sample
collection. The significant distance between microbial community
structures in both remission and active disease groups and the
evidence of the increased Veillonella in the active disease group
reinforce the evidence of a role of the intestinal microbiome in the
course of the disease, as discussed above.

We note the small sample size of children in each group,
particularly children under 10 years old, as a limitation of the
present study, which weakens the final results. In addition, the
lack of a complete longitudinal follow-up is another limitation.
The inclusion of more participants could increase the strength of
data on microbial abundance variation and bacterial genera and
lead to more significant results. The strengths of this study are
the control group with family members or relatives, avoiding diet
and environmental influences on microbiome results, and the
inclusion of young children with PSC+UC and PSC diagnosis.

In conclusion, we described here the intestinal microbiome of
children and adolescents with PSC and/or associated UC,
highlighting the difference in the intestinal microbiome profile
for early- and late-onset patients. Our work shows the
relationship of microbiota in cases of active disease and
especially dysbiosis in patients with an association of PSC
and UC. This dysbiosis might be related to the different
pathophysiology of the disease in children. To our knowledge,
this is the first study describing the intestinal microbiome in
children under 10 years old with PSC and PSC+UC. Since we
could verify the hypothesis of different microbial compositions in
PSC pediatric patients according to age at diagnosis, we are
proposing the categorization of early and late PSC and PSC+UC
onset according to the age at diagnosis. We also showed an
Frontiers in Immunology | www.frontiersin.org 8
increase in Veillonella in patients with PSC and PSC+UC and a
positive correlation between higher GGT values and higher
Veillonella abundance, suggesting the potential use of this
bacterial genus as a biomarker of PSC. These findings could
open new possibilities for diagnosis and prognosis and future
therapeutic options in pediatric PSC care.
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Baeza Y, Xu Z, et al. Advancing Our Understanding of the Human
Microbiome Using QIIME. Methods Enzymol (2013) 531:371–444.
doi: 10.1016/B978-0-12-407863-5.00019-8

27. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing
microbial communities. Appl Environ Microbiol (2005) 71:8228–35.
doi: 10.1128/AEM.71.12.8228-8235.2005

28. McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome
Data Is Inadmissible. PloS Comput Biol (2014) 10:e1003531. doi: 10.1371/
journal.pcbi.1003531

29. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, Mcglinn D, et al.
Vegan: Community Ecology Package, Vol. 295. (2016). Available at: https://
cran.rproject.org/web/packages/vegan/index.html.

30. Wickham H. Ggplot2: elegant graphics for data analysis. Media. New York:
Springer-Verlag (2009). 2009:65–90. doi: 10.1007/978-0-387-98141-3

31. Shah A, Macdonald GA, Morrison M, Holtmann G. Targeting the Gut
Microbiome as a Treatment for Primary Sclerosing Cholangitis. Am J
Gastroenterol (2020) 115(6):814–22. doi: 10.14309/ajg.0000000000000604

32. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al. The
Firmicutes/Bacteroidetes Ratio: A Relevant Marker of Gut Dysbiosis in Obese
Patients? Nutrients (2020) 12:1474. doi: 10.3390/nu12051474

33. Tremaroli V, Bäckhed F. Functional interactions between the gut microbiota
and host metabolism. Nature (2012) 489:242–9. doi: 10.1038/nature11552

34. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI.
Obesity alters gut microbial ecology. Proc Natl Acad Sci USA (2005)
102:11070–5. doi: 10.1073/pnas.0504978102

35. Kaser A, Zeissig S, Blumberg RS. Inflammatory Bowel Disease. Annu Rev
Immunol (2010) 28:573–621. doi: 10.1146/annurev-immunol-030409-101225

36. Kim SC, Ferry GD. Inflammatory bowel diseases in pediatric and adolescent
patients: Clinical, therapeutic, and psychosocial considerations.
Gastroenterology (2004) 126:1550–60. doi: 10.1053/j.gastro.2004.03.022

37. Moran CJ, Klein C, Muise AM, Snapper SB. Very early-onset inflammatory
bowel disease: Gaining insight through focused discovery. Inflamm Bowel Dis
(2015) 21:1166–75. doi: 10.1097/MIB.0000000000000329

38. Iwasawa K, SudaW, Tsunoda T, Oikawa-Kawamoto M, Umetsu S, Takayasu L,
et al. Dysbiosis of the salivary microbiota in pediatric-onset primary sclerosing
cholangitis and its potential as a biomarker. Sci Rep (2018) 8:5480. doi: 10.1038/
s41598-018-23870-w

39. Rühlemann MC, Heinsen FA, Zenouzi R, Lieb W, Franke A, Schramm C.
Faecal microbiota profiles as diagnostic biomarkers in primary sclerosing
cholangitis. Gut (2017) 66:753–4. doi: 10.1136/gutjnl-2016-312180

40. Lanjekar VB, Marathe NP, Venkata Ramana V, Shouche YS, Ranade DR.
Megasphaera indica sp. nov., an obligate anaerobic bacteria isolated from
human faeces. Int J System Evol Microbiol (2014) 64:2250–6. doi: 10.1099/
ijs.0.059816-0
February 2021 | Volume 11 | Article 598152

https://doi.org/10.1002/hep.29204
https://doi.org/10.1016/j.autrev.2004.09.003
https://doi.org/10.1016/j.autrev.2004.09.003
https://doi.org/10.3748/wjg.14.3350
https://doi.org/10.1002/hep.23294
https://doi.org/10.1136/gutjnl-2015-310500
https://doi.org/10.1177/2050640617717156
https://doi.org/10.1177/2050640617717156
https://doi.org/10.1097/MPG.0000000000001531
https://doi.org/10.1136/gutjnl-2016-312533
https://doi.org/10.1016/S0140-6736(13)60096-3
https://doi.org/10.1016/j.pedneo.2018.09.007
https://doi.org/10.1136/gut.2005.065557
https://doi.org/10.3109/00365521.2014.913189
https://doi.org/10.3109/00365521.2014.913189
https://doi.org/10.1111/apt.12232
https://doi.org/10.1111/j.1478-3231.2011.02635.x
https://doi.org/10.1111/j.1478-3231.2011.02635.x
https://doi.org/10.1080/00365520510023288
https://doi.org/10.1159/000201480
https://doi.org/10.1097/MPG.0000000000000239
https://doi.org/10.1053/j.gastro.2007.05.029
https://doi.org/10.1016/j.soard.2018.07.021
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1111/j.1467-842X.2006.00430.x
https://doi.org/10.1016/j.mimet.2014.08.018
https://doi.org/10.1016/j.mimet.2014.08.018
https://doi.org/10.1016/B978-0-12-407863-5.00019-8
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://cran.rproject.org/web/packages/vegan/index.html
https://cran.rproject.org/web/packages/vegan/index.html
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.14309/ajg.0000000000000604
https://doi.org/10.3390/nu12051474
https://doi.org/10.1038/nature11552
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1146/annurev-immunol-030409-101225
https://doi.org/10.1053/j.gastro.2004.03.022
https://doi.org/10.1097/MIB.0000000000000329
https://doi.org/10.1038/s41598-018-23870-w
https://doi.org/10.1038/s41598-018-23870-w
https://doi.org/10.1136/gutjnl-2016-312180
https://doi.org/10.1099/ijs.0.059816-0
https://doi.org/10.1099/ijs.0.059816-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cortez et al. Microbiome Disbyosis in Pediatric Liver Disease
41. Knapp S, Brodal C, Peterson J, Qi F, Kreth J, Merritt J. Natural Competence is
Common among Clinical Isolates of Veillonella parvula and Is Useful for
Genetic Manipulation of This Key Member of the Oral Microbiome. Front
Cell Infect Microbiol (2017) 7:139. doi: 10.3389/fcimb.2017.00139

42. Rovery C, Etienne A, Foucault C, Berger P, Brouqui P. Veillonella
montpellierensis Endocarditis. Emerg Infect Dis (2005) 11:1112–4.
doi: 10.3201/eid1107.041361

43. Nakamoto N, Sasaki N, Aoki R, Miyamoto K, Suda W, Teratani T, et al. Gut
pathobionts underlie intestinal barrier dysfunction and liver T helper 17 cell
immune response in primary sclerosing cholangitis. Nat Microbiol (2019)
4:492–503. doi: 10.1038/s41564-018-0333-1

44. Quraishi MN, Sergeant M, Kay G, Iqbal T, Chan J, Constantinidou C, et al.
The gut-adherent microbiota of PSC-IBD is distinct to that of IBD. Gut (2017)
66:386–8. doi: 10.1136/gutjnl-2016-311915
Frontiers in Immunology | www.frontiersin.org 10
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration,
with the authors.

Copyright © 2021 Cortez, Moreira, Padilha, Bibas, Toma, Porta and Taddei. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
February 2021 | Volume 11 | Article 598152

https://doi.org/10.3389/fcimb.2017.00139
https://doi.org/10.3201/eid1107.041361
https://doi.org/10.1038/s41564-018-0333-1
https://doi.org/10.1136/gutjnl-2016-311915
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Gut Microbiome of Children and Adolescents With Primary Sclerosing Cholangitis in Association With Ulcerative Colitis
	Introduction
	Materials and Methods
	Study Population
	Sample Collection and DNA Isolation
	16S rRNA Gene Sequence Processing
	Data Analysis
	Statistical Analyses

	Results
	General Characteristics and Clinical Data
	Cases vs Controls
	Microbiome Analysis
	Microbiome of Children Under 10 Years of Age
	Microbiome of Children and Adolescents Over 10 Years of Age
	Alpha Diversity
	Disease Status—Active vs Remission/Controlled Disease

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


