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Abstract

BACKGROUND

Numerous studies have shown that in Crohn’s disease (CD), the gut microbiota is of
great importance in the induction and maintenance of inflammation in the
gastrointestinal tract. Until recently, studies have focused almost exclusively on bacteria

in the gut. Lately, more attention has been paid to the role of intestinal fungi.

AIM
Gut mycobiome analysis of pediatric patients with CD (in different phases of disease

activity) compared to healthy children.

METHODS

Fecal samples were collected from patients: with active, newly diagnosed CD (n = 50);
active but previously diagnosed and treated CD (n = 16); non-active CD and who were
in clinical remission (n = 39) and from healthy volunteers (n = 40). Fungal DNA was
isolated from the samples. Next, NGS sequencing (MiSeq, Illumina) was performed.

The composition of mycobiota was correlated with clinical and blood parameters.

RESULTS

Candida spp. were overrepresented in CD patients, while in the control group, the most
abundant genus was Saccharomyces. In CD patients, the percentage of Malassezia was
almost twice that of the control (p < 0.05). In active CD patients, we documented a
higher abundance of Debaryomyces compared to the non-active CD and control (p <
0.05) groups. Moreover, statistically significant changes in the abundance of
Mycosphaerella, Rhodotorula, and Microidium were observed. The analyses at the species
level and linear discriminant analysis showed that in each group it was possible to
distinguish a specific species characteristic of a given patient population. Moreover, we

have documented statistically significant correlations between: D. hansenii and patient




age (negative); C. zeylanoides and patient age (positive); C. dubliniensis and calprotectin
(positive); C. sake and calprotectin (positive); and C. tropicalis and Pediatric Crohn’s
Disease Activity Index (PCDALI) (positive).

CONCLUSION
Mycobiome changes in CD patients,and the positive correlation of some species with
calprotectin or PCDAI, give strong evidence that fungi may be of key importance in the

development of Crohn’s disease
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Core Tip: There is growing evidence that intestinal microorganisms are associated with
pathogenesis of Crohn’s disease. Until recently, studies have focused almost exclusively
on bacteria. In this study we showed alterations in the fungal composition in pediatric
patients with CD. Changes within the specific species of fungi depending on disease
activity, and the positive correlation of some species with calprotectin or PCDAI, give
strong evidence that these microorganisms may be of key importance in the
development and course of CD. Some fungal species can be helpful in predicting an

exacerbation of the disease or even predicting the diagnosis of CD.

INTRODUCTION

Crohn's diﬁjse (CD) belongs to the group of chronic gastrointestinal tract disorders
known as #flammatory bowel diseases (IBD), which are characterized by a relapsing

and remitting course. The pathogenesis of CD is not fully understood, but it is




supposed that its development and severity are influenced by a combination of genetic,
immune and microbiological disordersll2l. Intestinal microorganisms are increasingly
indicated as one of the ﬁy factors in the etiology of IBDI13-3].

The human gut is colonized by a stable and abundant community of
microorganisms, collectively referred to as the gut microbiota, consisting of bacteria,
archaea, fungi, protozoans, and virusesl®l. These microbes have physiological functions
associated with nutrition, regulation of immune homeostasis, and protection of the host
against pathogenic bacteriaP®l. Recent advances in molecular techniques have
recognized alterations in the composition, abundance, and function of the microbiota in
CD, which is known as dysbiosis(®l. To date, it has not been established whether the
changes in the microbiota are a direct cause of the disease or only a secondary effect of
the chronic inflammatory process and the treatment applied. However, numerous
studies in animal and human models/’-1% have shown that the gut microbiota in CD is
of great importance in the induction and maintenance of inflammation in the
gastrointestinal tract.

Until recently, studies have focused almost exclusively on bacteria in the gut!%11-13],
Lately, more attention has been paid to the role of intestinal fungi. These
microorganisms, their metabolites, and their interaction with bacterial populations may
directly or indirectly influence the host’s immune response [1. Fungi interact with the
immune system among others via Dectin-1, which is one of the most important pattern
recognition receptors’14l. This receptor has an influence on the activation of
macrophages, neutrophils, and dendritic cells. Dectin-1 recognizes [-1.3 glucans that
are components of the fungal cell wall and thus activates the intracellular signal that
leads to the production of inflammatory cytokinesl'®l. It has been suggested that Dectin-
1 polymorphisms are strongly associated with an excessive immune response to
commensal fungi and thus may contribute to the development of CDVl. In addition, the
induction of anti-Saccharomyces cerevisiae antibodies (ASCA) that recognize yeast cell

wall mannans is a serological biomarker frequently present in patients with CD, which




may suggest that the disease may be associated with an unusual interaction of the
immune system with fungi.

Taking into account the likely relationship between the mycobiota and CD, the aim
of this study was a detailed taxonomic analysis of the fungal composition in children
with CD. In our study, we analyzed the differences between the mycobiomes of CD
patients and healthy children, as well as the changes that occur in patients' mycobiomes

depending on disease activity.

MATERIALS AND METHODS

Study population
Pediatric patients with CD, aged 2 to 18 years, hospitalized at the University Children’s
Hospital in Krakow in the years 2016-2019, were recruited for the study. Diagnosis was
made on the basis of the clinical picture, as well as endoscopic, histopathological, and
radiological examinations, according to the revised Porto criteriall®l. The study protocol
was approved by the Jagiellonian University Bioethics Committee (No. 122.6120.67.2015
and 1072.6120.21.2020). Disease phenotype was evaluated according to the Paris
criteriall’). The patients were recruited into two research groups on the basis of clinical
disease activity according to the Pediatric Crohn's Disease Activity Index (PCDALI).
Patients with active CD, PCDAI >10 points.
In this group, two subgroups were distinguished: Ia - patients with newly diagnosed
CD (before the implementation of any treatment); and Ib - patients previously
diagnosed and treated with aminosalicylates (5-ASAs) and/or azathioprine;

Patients with non-active CD who were in clinical remission at the time of inclusion in the
study (PCDAI £ 10 points), and were previously diagnosed with CD and treated with 5-
ASAs and/ or azathioprine.

The exclusion criteria were: lack of consent to participate in the study; patients under 2
or over 18 years of age; use of antibiotics and/or probiotics and/or antifungal drugs
within 30 days before collecting stool samples; confirmed infections of the

gastrointestinal tract; isolated perianal fistula.




The control group included healthy non-hospitalized children and adolescents
without antibiotic, antifungal, or probiotic treatment during the 30-day period before
stool sample collection.

Samples

At inclusion, routine laboratory tests evaluating biochemical parameters and
calprotectin were performed and the PCDALI score was evaluated in all patients. Stool
samples from all participants were obtained at the University Children’s Hospital in
Krakow and immediately frozen at -80°C, then delivered under deep freeze conditions
to the Department of Microbiology of Jagiellonian University Medical College (JUMC)
in Krakow, where DNA was isolated and further analyses were performed.

Isolation of DNA from stool samples

The stool samples were thawed and 150 mg of each material was used for fungal DNA
isolation using the Genomic Mini AX Stool Kit (A&A Biotechnology, Gdansk, Poland),
according to our previously described modification'819],

The isolates were measured with a NanoDrop spectrophotometer (Thermo Fisher,
Waltham, MA, USA) in the A260 nm and A260nm / 280nm ratios to determine the
purity and concentration of DNA.

Preparation of genomic library
The DNA extracted was used to perform PCR amplification (T100 Thermal Cycler,
BioRad, California, USA), with primers targeting the ITS-1 regions of the fungal rDNA
genel2lto prepare ITS libraries.

The primer sequences were the following: (adapter sequences for MiSeq sequencer
[[llumina, San Diego, USA] are highlighted in gray)/?):

Forward primer:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTAAAAGTCGTAACAAGGTT
TC

Reverse primer:




GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTTCAAAGAYTCGATGATTC
AC

The composition of the reaction mixture was as follows: 5 pL of DNA, 12.5 pL of
Kapa Biosystems (Roche, Basel, Switzerland), 0.5 pL of each primer (20 mmol/L,
Genomed, Warsaw, Poland), 6.5 pL of water (A&A Biotechnology, Gdansk, Poland).
Thermal cycling conditions included an initial denaturation at 95°C for 5 min followed
by 50 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s.

The volume of 5 pL of each amplicon was subjected to electrophoretic separation on
1.5% agarose gel (Prona, Basica Le, Burgos, Spain) diluted 10 times with TBE buffer
(Sigma-Aldrich, Saint Louis, USA). The PCR products were visualized in the FastGene
FAS - Digi Pro (Nippon Genetics, Duren, Germany) in the presence of UV light, to
check library quality. Subsequent steps (purification, sample indexing, sample
quantification, and pooling) were prepared according to the Illumina library
preparation protocols/2!l.

Next generation sequencing

The library concentration was measured using PicoGreen fluorescent dye (Thermo
Fisher, Waltham, MA, USA) and pooled with 30% spike-in PhiX control DNA (Illumina,
San Diego, USA). Next, the pooled libraries were applied to the Reagent Kit V3
cartridge (600 cycles) (Illumina, San Diego, USA) and the sequencing was carried out
using MiSeq (Illumina, San Diego, USA) at the Department of Clinical Immunology of
the University Children’s Hospital in Krakow.

Negative control (containing water instead of DNA) and positive control (MSA 1010
Mycobiome Genomic DNA mix, ATCC, Manassas, USA) were included throughout the
genomiic library procedure and NGS sequencing.

Bioinformatics analysis
The ITS-targeted amplicon pair reads were demultiplexed on the basis of the unique

molecular barcodes. The short read of raw data was collected as FASTQ files. Then, the




per-sample raw taxonomic classification was performed using the Illumina 16S
Metagenomics workflow, on the basis of the UNITE Fungal ITS Database v7.2.

Sequences were clustered into operational taxonomic units (OTUs) at a similarity cutoff
value of 97-98%. This classification was performed on the basis of the algorithm
described by Wang et al [201. Next, the metagenomic reads were aligned to the UNITE
Fungal ITS Database v7.2 reference taxonomy database. During this step, the candidate
fungal reads were identified, and the sequences which did not match the reference
fungal ITS database were filtered out (these were features with counts below 4 counts,
20% of prevalence filter). In the normalization step, sequences were trimmed for low-
quality scores (less than 3). Finally, filtered and normalized reads were matched again
to the fungi, and a definitive taxonomic assignment was performed. Abundance
profiling was characterized on the basis of the OTU data, which were compared at
different taxonomic levels based on the annotations. The diversity within samples was
measured on the basis of alpha and beta diversity indices. To calculate the diversity
within samples (richness and evenness), Observed, ACE, Chaol, Shannon, Simpson,
and Fisher matrices were applied, and ANOVA statistics were performed. Beta
diversity analysis was performed on the basis of Principal Coordinate Analysis (PCoA)
using Bray-Curtis and the Jaccard index. The statistical significance of sample grouping
was tested using the Permutational MANOVA (PERMANOVA) statistical method. The
Linear Discriminant Analysis (LDA) Effect Size (LEfSe) algorithm was used to discover
statistically significant biomarkers. The Kruskal-Wallis rank sum test was performed to
describe features with significant abundance at different taxonomic levels. A 0.05 p-
value cutoff and 2.0 LDA score cutoff were established to determine the most significant

features.

RESULTS
Characteristics of the study population




One hundred apd five pediatric patients were included in the study. The control group
consisted of 40 children. The characteristics of the study groups are presented in Table
ill.
DNA quality
A DNA purity of 2 1.7 was assumed. All samples examined met this criterion.

nalysis of the biodiversity of the gut mycobiota
The data obtained by sequencing consisted of 4859784 reads (1680 minimum reads per
sample, 79543 maximum) with an average number of reads of 33748. All samples were
included in the analysis.

Alpha diversity at the phylum level (L2) was different and statistically significant
between: Ia vs. control (expressed as the Shannon, Chao, and Fisher indices; Ia vs. II
(Fisher index); and II vs. control (Chao index) (Table 2). Moreover, we observed
statistically significant differences in alpha diversity at the species level (L7) between
groups: la vs. II (expressed as both Chao and Fisher indices); Ia vs. control (Chao and
Fisher indices); Ib vs. II (Fisher index); Ib vs. control (Fisher index) (Table 2).

Furthermore, statistically significant differences were observed at the phylum and
species level for beta diversity between groups la vs. control for three indices.
Additionally, differences at the species level were observed between groups II and
control (expressed as the Jensen-Shannon index) (Table 3).

Analysis of the composition of theatt mycobiota

The gut mycobiota was evaluated at six taxonomic levels (phylum, class, order, family,
genus, species). Three of these, L2 (phylum), L6 (genus), and_ L7 (species) were
described in this study to include the most representative taxa. At the phylum level
(L2), all OTUs obtained were assigned to two main phyla: Ascomycota and Basidiomycota.
The others were non-fungal and belonged mainly to plant taxa. The Ascomycota phylum
was clearly predominant in all groups, respectively: 83% in group Ia; 86% in group Ib;
78% in group 1I; 80% in the control group (Figure 1). In groups Ia and Ib, the percentage
of these fungi was significantly higher compared to the control group (P = 0.039; P =
0.046, respectively).




At the genus level (L6) (Figure 2), Candida dominated in all groups including CD
patients (Ia - 46%, Ib - 45%, II - 44%), and in groups la and II the abundance was
statistically higher compared to the control group (26%; respectively: p < 0.001; P =
0.035). On the other hand, in the control group, the dominant genus was Saccharomyces
(38%), and the abundance of this fungus was significantly higher in comparison to la
(27%; p < 0.001). Interestingly, in all groups that included CD patients, the prevalence of
Malassezia was almost twice as high (11-14%) compared to the control group (7%),
although statistically significant differences were only documented between group Ia
and control (14% vs. 7%, P = 0.015). Furthermore, in the group of patients with active
CD (Ia and Ib), Debaryomyces constituted a higher percentage (respectively: 5%; 6%)
compared to the other groups (2%), but significant differences were noted only between
group la and the control (P = 0.024). Additionally, a significantly higher level of
Rhodotorula was observed in the control group (9%) compared to the groups Ia (1%, p <
0.001), Ib (0.3%, P = 0.001), and II (2%, P = 0.039), and in group group Ib compared to
group II (0.3% vs 2%, P = 0.014). Moreover, a significantly lower level of Mycosphaerella
was observed in group Ib (0.3%) compared to groups II (5%, P = 0.015) and control (1%,
P =0.016). Statistical differences were also observed between group II (5%) and control
(1%, P = 0.027) and for group Ia and II (2% vs. 5%, P = 0.029). Statistical differences for
Microidium were also found between groups Ib and control (2% vs. 4%, p < 0.001).

At the species level (L7), S. cerevisine and Candida albicans were dominant in all
investigated groups and quantitatively constituted nearly 50% of all fungi. In the
control group, S. cerevisine was the most abundant yeast (38%), in contrast to the group
of patients with CD (23% in Ia; 28% in Ib; 20% in II), in whom an increased percentage
of individual Candida species was observed (Figure 3). In groups Ia, II, and control, the
dominant species of the genus Candida was C. albicans (respectively 23%; 32%; 17 %), and
within this species, statistically significant differences were observed between groups Ia
vs. Ib (23% vs. 11%, P = 0.008) and Ib vs control (11% vs. 17%, P = 0.008). Differences
close to statistical significance were documented between group II and the control (32%

vs. 17%, P = 0.054). The mycobiome of the patients in group Ib was overrepresented by




Candida dubliniensis (19%) and Candida zeylanoides (12%) and the percentage of these
fungi was significantly higher than in group II (respectively: 6%, P = 0.001; 1%, P =
0.003). A higher percentage of Candida tropicalis (10%) was observed in group Ia
compared to the other groups (0.1%-4%), although statistically significant changes were
found between groups Ia and Ib (10% vs. 0.1%, P = 0.008) and Ib and control (0.1% vs.
2%, P = 0.021). Furthermore, among the control group, a statistically higher percentage
of Candida krusei was observed compared to group II (2% vs. 1%, P = 0.005).

Patients with CD (especially those newly diagnosed with active disease) were
characterized by a higher prevalence of Malassezia restricta compared to the control
group (11% vs. 6%, Figure 3); however, these changes were not statistically significant.
Statistical differences were observed between groups Ib and II (10% vs. 9%, P = 0.001).
Among controls, a significantly higher percentage (9%) of Rhodotorula mucilaginosa was
found in comparison to Ia (0.7%, P = 0.001); Ib (0.3%, P = 0.002) and II (2%, P = 0.027).
Statistically significant differences were also found for groups Ib and II (P = 0.015). In
the control group, a slight increase in Saccharomyces cariocanus was observed in
comparison to group II (3% vs. 2%, P =0.046) and for Microidium phyllanthi compared to
all CD groups (4% vs. 2%, p < 0.05). There were also statistically significant differences
in Mycosphaerella tassiana abundance between groups la vs. I (2% vs. 5%, P = 0.029) and
Ib vs. control (0.3% vs. 0.6%, P = 0.016). In addition, the changes in abundance of
Debaryomyces hansenii (3% vs. 1%, P = 0.020) and Malassezia globosa (2% vs. 5%, P = 0.037)
were documented between groups la and II, and in M. globosa between groups II vs.
control (5% vs. 1%, P = 0.030), and also in Epicoccum nigrum between Ia vs. control (2%

vs. 0.7%, P = 0.015).

Linear discrimminant analysis — determination of biomarkers

Owing to linear discriminant analysis (LDA) we have selected species of fungi that
could be biomarkers characterizing and distinguishing a given group of patients (Figure
4). We have shown that C. tropicalis was overrepresented in group la compared to the

other groups (P = 0.026). Whereas increased richness of C. albicans (P = 0.005), M. globosa




(P = 0.011) and M. tassiana (P = 0.024) was documented in group II compared to the
other groups. The fungal biomarkers that differentiated the control group from the CD
patient groups were R. mucilaginosa (p < 0.001), C. krusei (P = 0.013), and M. phyllanthi (p
< 0.001). Group Ib was characterized by a higher abundance of E. nigrum compared to
the other groups (P = 0.011).

Correlation between the abundance of fungi and patients’ clinical parameters

The analysis of the abundance of fungal species showed significant correlations
between: D. hansenii and C. zeylanoides and patient age (negative and positive,
respectively); C. dubliniensis and C. sake and calprotectin (both positive) and a positive

correlation between C. tropicalis and PCDAI (Table 5).

DISCUSSION

Numerous studies suggest that changes in the intestinal microbiota and the
interaction between microorganisms and the host may lead to the development of IBD.
The main limitation of the available studies[1222-24] js the predominance of experiments
in adult patients who have been treated for a long time and who have been sick for
many years, which could significantly affect the results obtained. Moreover, the studies
of the intestinal microbiota in IBD conducted so far have focused primarily on disorders
within the bacteriobiome. There is a lack of more comprehensive research, including
fungi, which constitute a very important component of the intestinal microbiomel®!. In
our study, we recruited children and adolescents with both newly and previously
diagnosed CD and we compared their mycobiome in the exacerbation and remission
periods. In addition, we recruited healthy children into a control group. Such a study
allowed a more reliable determination of the relationship between fungi in the digestive
tract and the course of CD. Moreover, the main exclusion criterion in all groups was the
use of antibiotics, probiotics, and antifungal drugs that could significantly change the
composition of the mycobiome. Thus, the impact of confounding factors associated with

antimicrobial therapy was eliminated. Our data have shown that the mycobiota of




pediatric CD patients was different in comparison to healthy controls, and also
depended on the stage of disease activity.

The alpha diversity (which is a measure of biodiversity within the study groups) of
the fungal microbiota was significantly different (both at the phylum and species levels)
in group la compared to the control expressed as the Chao and Fisher indices (Table 2).
Additionally, biodiversity was higher in control compared to the Ia group for the three
analyzed indices. Lower alpha diversity in the samples from patients with active, newly
diagnosed CD indicated a reduction in fungal biodiversity, i.e., lower number of taxons
in a single sample. These data are consistent with previous reportsl2426.271, Interestingly,
we have shown that patients in the non-active phase of CD (II) were characterized by
significantly higher alpha biodiversity indices at the level L7 (species) compared to
patients with newly diagnosed, active disease (la). This provides the basis for the
conclusion that while patients achieve remission, normalization of mycobiome occurs,
an indicator of which is the increase in the measure of biodiversityl[2l,

The analysis of beta diversity (which is a measure of differences between the study
groups) has shown that there were statistically significant differences between group la
and the control, both at the L2 and L7 Levels (expressed by the three indices) (Table 3).
These results indicate a significantly different taxonomic composition at the phylum
and species levels between these groups. The different composition of mycobiota seen
in the patients of group la compared to healthy children indicates that dysbiosis
appears at the very beginning of the disease. However, the treatment (groups Ib and II)
likely reduces the differences in mycobiome composition compared to controls.

At the phylum level, Ascomycota was predominant in all groups (Figure 1), but in
patients with active CD (irrespective of whether it was a newly diagnosed or previously
diagnosed disease), the percentage of this phylum was significantly higher (83-86%)
compared to the control group (80%). These observations are consistent with studies by
other researchers showing an increased percentage of Ascomycota in adult patients with

active CDI22.29],




At the genus level (Figure 2), we observed that among patients with CD (irrespective
of disease activity), Candida was the predominant genus in contrast to the control group
(significant differences between la vs. control and II vs. control; p < 0.05). Analyses at
the species level (Figure 3), showed that in each of the studied groups it was possible to
distinguish a specific species within the genus Candida, characteristic of a given patient
population. Thus, an excessive abundance of C. tropicalis has been observed in newly
diagnosed CD patients in the exacerbation period (group Ia), Figure 3. Interestingly, in
patients in remission (group II), the abundance of this species decreased more than
double. Moreover, in the control group, C. tropicalis was 5 times lower than in group Ia.
This may suggest that C. tropicalis may be a biomarker of inflammation in the gut in the
course of CD, which was supported by LDA analysis (Figure 4). It has previously been
shown that overrepresentation of C. fropicalis is commonly found among patients with
active CD[122330] and possibly influences the initiation and maintenance of inflammation
[Z]. Hoarau et al showed that a higher prevalence of C. tropicalis fungi was positively
correlated with levels of ASCA and with the abundance of Serratia marcescens and
Escherichia coli. Researchers demonstrated tﬁlt these microorganisms interact with each
other in the gut, forming a biofilm that can promote an excessive immune response and
cause intestinal mucosal barrier dysfunction, contributing to the formation of
inflammatory lesions!?l. Additionally, studies in animal models of IBD confirmed that
C. tropicalis has strong immunogenic potentigl. Supplementation in mice with C.
tropicalis resulted in excessive secretion of pro-inflammatory cytokines, such as tumor
necrosis factor alpha (TNF-a), interferon gamma (IFN-y) and, interleukin-17 (IL-17), and
then intensification of inflammatign in the gutl’l. In addition, in other independent
studies, C. tropicalis has induced dysbiosis that involved changes in the presence of
mucin-degrading bacteria, leading to altered tight junction protein expression with
increased intestinal permeability. Then, it induced a strong Th1/Th17 response, leading
to an accelerated pro-inflammatory phenotype in experimental colitis micelPll.

Interestingly, in our research, a positive correlation between C. tropicalis and PCDAI




was observed, which strengthens the above suggestions that these fungi may be
associated with the exacerbation of the disease.

Analysis at the species level has shown that C. albicans constituted the highest
percentage in the group of patients in remission (II) compared to the other groups
(Figure 3), and LDA analysis has documented that this species may be a fungal
biomarker for patients in non-active CD (P = 0.005, Figure 4). Previous studies showed
that these yeasts were more abundant in CD patients, and it was suggeﬁed that C.
albicans may promote IBD by increasing the inflammatory responsel?3233]. However, it
should be noted that these studies did not take into account patients in remission.
Patients in the active phase or all CD patients together (undifferentiated according to
the phase of disease activity) were compared with healthy people. In our research, an
additional comparison of the exacerbation and remission groups has provided evidence
that there are more C. albicans in non-active CD compared to active disease. It is likely
that the treatment used to lead the patient into remission somehow promotes the
growth of C. albicans; however, the effect of anti-inflammatory treatment commonly
used in CD (like 5-ASAs; azathioprine) on the mycobiome has not been proven so far.
Moreover, the growth of fungi in the gut is closely related to changes in the bacterial
microbiota, so it is also possible that changes in the bacterial community that occur
during remission contribute to the increased abundance of C. albicansl122334-3¢],

The results of our study show an increased number of C. dubliniensis and C.
zeylanoides in active but already treated patients (Ib) compared to other groups (Figure
3). To our knowledge, this is the first such report. Perhaps the increase in the
colonization by these species of fungi was related to the treatment or a long-term
inflammatory process. However, it should be noted that among treated patients in
remission (II), the abundance of C. dubliniensis and C. zeylanoides significantly decreased
(P =0.001, P = 0.003; respectively) compared to treated patients in the active phase (Ib).
It is possible that colonization by these fungi may depend on the disease activity and
long-term inflammatory process that promotes their multiplication. Although C.

dubliniensis is not an epidemiologically significant species, some reports indicate that it




may cause opportunistic infections that may be associated with a higher degree of
intestinal colonization[37.38], Thus, its involvement in the maintenance of inflammation
in CD cannot be ruled out, especially since a positive significant correlation of this
species with calprotectin (which is a marker of intestinal inflammation) was observed
(Table 5).

C. zeylanoides are fungi found in food productsi®-41, so their presence may be
associated with different diets of patients. On the other hand, we documented that these
fungi were positively significantly correlated with age (Table 5). Perhaps, the higher
abundance of C. zeylanoides in group Ib was related to the fact that we had slightly
elderly patients in this group compared to the other one (Table 1). There are several
reported cases in which C. zeylanoides caused fungemial*>*l; however, there is no
evidence that this microorganism has a connection with chronic or autoimmune
diseases.

An interesting subject of study is Debaryomyces hansenii. The abundance of these
fungi was higher among patients with active CD, however, statistically significant
changes were only observed between groups Ia and II (P = 0.020). The fact that the
prevalence of this species was three times higher in patients with active CD compared
to patients in remission and control (Figure 3) indicates that this fungus may be
involved in maintaining intestinal inflammation or even inducing disease. Jain et al.
came to similar conclusions. The researchers showed that damaged intestinal tissue (in a
mouse model of CD) was over-colonized with D. hansenii, which consequently impeded
the healing and regeneration process of intestinal crypts. Interestingly, when mice
received an antifungal drug (amphotericin), the wounds began to heal [#°l. In the same
study, the authors conducted an analysis with the participation of adult people with CD
and showed that D. hansenii was detected in all samples taken from patients (100%), but
only in one healthy person (10%). Further detailed observation of tissue biopsies
showed that this fungus was present only in the inflamed mucosa, whereas it was
absent from the non-inflamed mucosa sampled from the same patient!5l. Our study is

the first report documenting the presence of D. hansenii in children and adolescents with




Crohn's disease. Furthermore, our data indicate that the abundance of these fungi
depends on the phase of disease activity. These observations lead to the conclusion that
D. hansenii may be involved in maintaining inflammation.

In this study, we have documented that CD patients were over-colonized with
Malassezia species compared to the control group (Figure 2, Figure 3). This is consistent
with the observations of other researchers!'2?7.4¢l, Patients with Crohn’s disease often
suffer from malabsorption syndrome, manifested by fatty diarrhea. Malassezia requires
lipids to multiply; therefore, it is possible that increased detectability of these yeasts in
CD patients is related to the fact that excess fat in the stool creates an optimal
environment for Malassezia over-colonization. However, the participation of these
yeasts in maintaining inflammation cannot be excluded because there are a few studies
that demonstrate the immunogenic properties of Malassezia in the context of IBDI46A7],
The species analysis provided interesting observations regarding the changes in
individual species of Malassezia depending on the activity of the disease (Figure 3).
Thus, among children in remission (II), M. globosa colonization increased and these
changes were statistically significant compared to group Ia (P = 0.037) and the control
group (P = 0.030). On the other hand, patients in the exacerbation phase had a higher
percentage of M. restricta (P = 0.001). The participation of M. restricta was previously
reported in individual studies. Limon et al demonstrated that these fungi were
significantly more abundant in CD patients than in healthy subjects, and in addition,
their presence was associated with exacerbation in a mouse model of IBDI4I
Furthermore, the team showed that these yeasts were especially present in patients wit
IBD caspase recruitment domain-containing protein 9 (CARDY) risk. CARD9 is a
signaling adapter protein that is essential for antifungal innate immunity in mice and
humans. Single nucleotide polymorphism (SNP) in the gene for CARD?9 is the strongest
genetic risk factor linked to IBD. A certain variant of this gene caused human immune
cells to produce more potent inflammatory cytokines in response to M. restrictaltel.
Additionally, Li ef al showed that the biopsies collected from inflamed mucosa were

over-colonized by M. restricta in relation to tissue without inflammation from the same




patient’?. A study on the immunogenicity of fungi of the genus Malassezia in the
context of IBD confirmed that both M. globosa and M. restricta have strong pro-
inflammatory properties. Both yeast species induced the production of inflammatory
cytokines by dendritic cells in large part mediated through Dectin2 and CARD9
signalingl¥’l. Furthermore, M. restricta exacerbated colitis in germ-free mouse models of
IBD triggered by inflammatory reactions mediated by CARD9 [#l. The above data
indicate that fungi of the genus Malassezia significantly influence the host's immune
response, so their role in the pathogenesis of IBD cannot be ruled out. Understanding
the species changes that occur in the various phases of disease activity, which were
documented in our analysis, forms the basis for further research and gives an insight
into the role of these yeasts in the course of CD.

Another species whose participation in CD is worth considering, is Epicoccum nigrum.
These fungi have been overlooked so far, but this is probably due to the difficulties in
culturing and detecting these yeasts. In this study, we have shown that the abundance
of these fungi was significantly higher in CD patients (Ia) compared to healthy children
(P = 0.015, Figure 3). Wheeler et al documented the first reports on E. nigrum in CD and
suggested its association with the treatment applied. The researchers showed that
extended pretreatment with antifungal drugs restructured the intestinal fungal
population. Increased colonization by the E. nigrum fungi, among others, has been
observed. It is unknown whether the observed changes were due to alterations in the
microbial community that promoted E. nigrum overgrowth, or whether these yeasts
were resistant to the applied treatment. However, these changes were correlated with
exacerbated disease in chemically induced models of experimental colitis[*®l. In our
study, the exclusion criterion was the use of antifungal drugs, so the presence of E.
nigrum was not related to treatment. However, it cannot be ruled out that the alterations
observed in the microbial community in CD patients promote the overgrowth of E.
nigrum. Fungal populations of the intestinal tract directly or indirectly help to maintain
healthy intestinal homeostasis. Any changes in the composition of the mycobiome may

cause serious disruption, especially in genetically susceptible people to diseases (e.g.




predisposed to CD). On the other hand, the LDA analysis (Figure 4) has shown that E.
nigrum may be a fungal biomarker for patients with active, previously diagnosed
disease (Ib). Perhaps the presence of these fungi is associated with the active long-term
inflammation. It cannot be ruled out that chronic and long-term inflammatory lesions in
the intestine favor the growth of this species. The overrepresentation of E. nigrum found
in this report in CD patients requires further research.

In this study, we also demonstrated an increase in colonization level by R.
mucilaginosa and M. phyllanthi among healthy subjects compared to CD patients (p <
0.05, Figure 3). LDA analysis has shown that these species may be a fungal biomarker
for healthy children (Figure 4). R. mucilaginosa are fungi commonly found in soil, plants,
and animals; however, they are also food contaminants. They are often isolated from
fruit juices and dairy products!*l. The increase in the occurrence of these fungi in
healthy children could be related to a varied and rich diet used by healthy people. In
contrast, patients with Crohn’s disease usually are on a dairy-free diet and exclude
many products from their meals, so they carry fewer yeasts associated with foods in the
digestive tract. On the other hand, M. phyllanthi are plant pathogens that can be
delivered to the gastrointestinal tract through the consumption of vegetables and fruits.
Patients with Crohn’s disease significantly reduce their consumption of legumes, and
stone fruits, and thus, they have a lower abundance of plant-related fungi than healthy

people following a varied dietl50511.

CONCLUSION

In conclusion, this study confirms alterations in intestinal fungal composition in
pediatric patients with CD and shows that some species of fungi may be a
microbiological marker related to the activity of the disease. In patients with CD, we
have documented an increased load of fungi with potential pro-inflammatory effects
(e.g., Candida spp., Malassezia spp.)[7142%] while fungi with potential anti-inflammatory
effects (such as Saccharomyces)l52-551 were found in a lower percentage. Moreover,

changes within the specific species of fungi depending on disease activity, and the




positive correlation of some species with calprotectin or PCDAI, give strong evidence
that these microorganisms may be of key importance in the development and course of
CD.

Furthermore, we have shown that some fungal species can be helpful in predicting
an exacerbation of the disease or even predicting the diagnosis of CD. Further research
should focus on selecting fungal species that could be biomarkers to help predict
disease exacerbation. Moreover, future research should assess whether the mycobiota

could be a therapeutic target.

ARTICLE HIGHLIGHTS

Research background

The recurrent and chronic course of Crohn’s disease (CD), its systemic after effects, and
intestinal complications constitute a serious clinical problem, and since the pathogenesis
of the disease is unknown, causal treatment is currently not used. As CD incidence age
keeps falling and there is a growing number of cases, we are led to undertake intensive
studies to determine the possible causes of this disease. Recently, due to the growing
interest in the topic of intestinal microbiome, a hypothesis has emerged that the
initiation of CD is associated with dysbiosis within the gut microbiota. And while the
importance of bacteria in the pathogenesis has been, up to now, a common subject of
research, the involvement of fungi has usually been overlooked. The few available
studies including mycobiome analysis concern adults and not children, previously
treated patients, or those with long-term disease. These shortcomings distort the results
due to the impact of confounding variables (such as treatment, age, or the long-term

disease process) on changes in the fungal composition.

Research motivation
Undoubtedly, the composition of the microbiome has a significant influence on
maintaining internal balance and health and microbial changes constitute an important

factor inducing pathological processes. Due to the fact that fungi are an important




component of the gut microbiota, it is possible that alterations in the composition of the

gut mycobiome may have an impact on the induction of Crohn'’s disease.

Research objectives

Taking into account the likely relationship between the mycobiota and the host, the aim
of this study was to perform a detailed taxonomic analysis of the fungal composition in
pediatric patients with CD. In our study, we recruited children and adolescents with
newly and previously diagnosed CD and compared their mycobiome in the
exacerbation and remission periods. Additionally, we recruited healthy children into a
control group. Such a study allowed for a more reliable determination of the

relationship between fungi in the digestive tract and the course of CD.

Research methods

DNA was isolated from stool samples from patients: with active, newly diagnosed CD
(n = 50); active but previously diagnosed and treated CD (n = 16); non-active CD who
were in clinical remission (n = 39) and healthy volunteers (n = 40). The next step was to
prepare genomic libraries for next generation sequencing (NGS). NGS was performed
using a MiSeq sequencer (Illumina). The composition of the gut mycobiota was
analyzed using UNITE Fungal ITS Database v7.2, and then correlated with clinical and

blood parameters.

Research results

Our study confirms alterations in fungal composition in pediatric CD patients and
shows that some species of fungi may be a kind of microbiological marker related to the
activity of the disease. In CD patients, we have documented an increased load of fungi
with potential pro-inflammatory effects (e.g. Candida spp., Malassezia spp.), while fungi
with potential anti-inflammatory effects (such as Saccharomyces) were found in a lower
percentage. Interestingly, the greatest alterations in mycobiome composition (compared

to the control group) were observed among newly diagnosed patients, before




implementing any therapeutic approaches. This is strong evidence that fungi may play
an important role in the development of Crohn's disease. This thesis is supported by the
fact that a positive correlation of some species with calprotectin or pediatric Crohn’s
disease activity index (PCDAI) was documented. Furthermore, owing to linear
discriminant analysis, we have shown that some fungal species could be biomarkers
characterizing and distinguishing a given group of patients (depending on the disease
activity) which in the future may be helpful in predicting an exacerbation of the disease

or even predicting the diagnosis of CD.

Research conclusions
Changes in the composition of the intestinal mycobiome occur already at the beginning
of the disease (in newly diagnosed and untreated patients). Furthermore, the

composition of fungi changes depending on the activity of Crohn's disease.

Research perspectives
Further research should focus on selecting fungal species that could be biomarkers to
help predict disease exacerbation. Furthermore, next research should assess whether the

fungal mycobiota could be a therapeutic target.
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