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Abstract: Fecal microbiota transplantation (FMT) has the potential to restore (bacterial and fungal)
microbial imbalance in ulcerative colitis (UC) patients and contribute to disease remission. Here,
we aimed to identify fecal fungal species associated with the induction of clinical remission and
endoscopic response to FMT for patients with mild-to-moderate ulcerative colitis. We analyzed the
internal transcribed spacer 1 (ITS1)-based mycobiota composition in fecal samples from patients
(n = 31) and donors (n = 7) that participated previously in a double-blinded randomized control
trial evaluating the efficacy of two infusions of donor FMT compared with autologous FMT. The
abundance of the yeast genus Filobasidium in fecal material used for transplantation was shown to
correlate with clinical remission following FMT, irrespective of its presence in the material of donor or
autologous fecal microbiota transfer. The amplified sequence variants within the genus Filobasidium
most closely resembled Filobasidium magnum. Monocyte-derived macrophages and HT29 epithelial
cells were stimulated with fungal species. Especially Filobasidium floriforme elicited an IL10 response
in monocyte-derived macrophages, along with secretion of other cytokines following stimulation
with other Filobasidium species. No effect of Filobasidium spp. was seen on epithelial wound healing in
scratch assays. In conclusion, the enriched presence of Filobasidium spp. in donor feces is associated
with the positive response to FMT for patients with UC and hence it may serve as a predictive fungal
biomarker for successful FMT.
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1. Introduction

An aberrant response to luminal gut microbes has been associated with many diseases,
including Crohn’s disease (CD) and ulcerative colitis (UC): both inflammatory bowel
diseases (IBD) [1,2]. While the bacterial contribution has been studied extensively [3],
the fungal counterpart has only gained attention in recent studies. For example, there
are reports concerning alterations of luminal gut fungi (i.e., mycobiota) diversity and
composition in UC patients [4–7]. In addition, several individual fungal species were
recently associated with the severity of (experimental) colitis [8,9], thereby confirming a
role for the gut mycobiota in intestinal inflammation. Restoration of microbial communities
to resemble that of a healthy individual is considered beneficial for resolving intestinal
inflammation or maintaining remission [10]. As such, several randomized-controlled
studies have explored the potential of fecal microbiota transplantation (FMT) as a means
to improving gut microbial populations in IBD, but unfortunately the efficacy of these
complex and invasive procedures remains relatively low [10] and a stratification strategy of
FMT candidate patients is warranted. To increase efficacy, donor material may be derived
from selected suitable candidates for transplantation based on earlier associations with
response, e.g., that of so-called superdonors [11], known to induce remission. On the other
hand, the microbial composition of the acceptors of FMT may also be a contributing factor
to the success of this procedure. The role of the mycobiome in the success of FMT has
not been clarified. It was recently shown that a high abundance of the genus Candida in
acceptors prior to FMT was associated with a positive response to transplantation with
allogenic feces [6]. In the current study we aimed to determine fungal markers both in
patient and donor fecal material that associate with a response to FMT for patients with
mild to moderate UC.

In order to answer this research question, we analyzed samples of the previously
performed TURN trial (Transplantation of Feces in Ulcerative Colitis, Returning Nature’s
Homeostasis). This study consisted of a randomized, double-blind FMT intervention for
patients with mild-to-moderate UC [12]. Patients received two duodenal infusions of feces
from either healthy donors (FMT-D) or autologous material (FMT-A) with an interval of
three weeks. Response to FMT was defined as clinical remission (simple clinical colitis
activity index ≤ 2) and endoscopic response (Mayo score ≥ 1-point decrease) at 12 weeks
after the first intervention, which was not significantly higher for FMT with donor feces
(FMT-D; 41.2% (7 of 17 (per protocol analysis))) than for FMT with autologous feces (FMT-A;
20% (5 of 20 (per protocol analysis))). While bacterial profiles were previously determined,
these merely indicated a change among FMT-D responders towards their respective donor
microbiota profile [12]. However, no bacterial signature or differentially abundant genera
were observed at baseline between positive responders and non-responders in the original
study [12,13]. In the current study, we assessed fecal mycobiota profiles of patients and
donors enrolled in the previously performed TURN trial. In line with previous findings,
elevated fecal abundance of Candida spp. in acceptors of FMT-D was associated with
responsiveness in this cohort. In addition, we found that the abundance of the genus
Filobasidium in fecal material used for transplantation, independent of fecal material being
derived from FMT-D or FMT-A, associates with responsiveness to FMT for UC. Selected
Filobasidium species also elicited the release of IL10 and other cytokines in macrophages,
suggesting that this species elicits an inflammatory response. Based on this study, we
suggest assessing gut mycobiota profiles in addition to bacterial microbiota profiles as
indicators for FMT therapeutic success.

2. Materials and Methods
2.1. Patients and Donors

Patient recruitment and fecal microbiota transfer protocol recruitment were described
previously [12]. Patients did not receive antibiotics up to six weeks prior to inclusion. In
the original study, 37 patients were treated per protocol. Six of these patients received their
second FMT from a different donor because of the unavailability of the original donor. In



Microorganisms 2022, 10, 737 3 of 16

the current study, we only use a restricted set of single-donor FMTs (n = 11 FMT-D, n = 20
FMT-A) to rule out the effect of multi-donor FMTs. Response (i.e., clinical remission (simple
clinical colitis activity index ≤ 2) and endoscopic improvement (Mayo score ≥ 1-point
decrease) at 12 weeks after the first FMT [12]) was achieved for 9 of these patients (Table 1).

Table 1. Patient baseline characteristics stratified for positive response to fecal microbiota transfer.

Responders Non-Responders
n = 9 n = 22

FMT-D, n (%) 4 (44) 7 (32)

Mean age, years (SD) 46 (12.7) 41 (11.7)

Male sex, n (%) 3 (33) 11 (50)

Median disease duration, years (IQR) 7 (20) 8 (12)

Extent of disease, n (%)
E1, proctitis 0 (0) 0 (0)

E2, left-sided 3 (33) 10 (45)
E3, pancolitis 6 (67) 12 (55)

Concomitant drug treatment, n (%) 6 (67) 17 (77)
Mesalamine oral 6 (67) 14 (64)

Mesalamine rectal 0 (0) 1 (5)
Thiopurines 0 (0) 1 (5)

Systemic corticosteroids (<10 mg) 0 (0) 1 (5)

Prior anti-TNF therapy, n (%) 0 (0) 1 (5)

Median SCCAI score at inclusion (IQR) 8 (5) 8 (3)

Mayo endoscopic score at inclusion, n (%)
Mayo 1 2 (22) 2 (9)
Mayo 2 6 (67) 11 (50)
Mayo 3 1 (11) 9 (41)

Site of disease at inclusion, n (%)
Rectum only 1 (11) 3 (14)

Left side of colon 7 (78) 13 (59)
Pancolitis 1 (11) 6 (27)

FMT-D, fecal microbiota transfer using donor feces; IQR, interquartile range; SCCAI, Simple Clinical Colitis
Activity Index; SD, standard deviation; TNF, tumor necrosis factor.

Fecal material from 7 donors was used for the treatment of these patients. Donors
were allowed to donate fecal material for multiple patients. Four donors were anonymous
volunteers, and three donors were a spouse or friend of the respective patient. The median
age of the donors was 29 years (SD = 10) and 71% were male (n = 5). Donors were not
allowed to have used antibiotics within eight weeks before screening.

In total, we obtained 48 patient samples (n = 24 at baseline, n = 24 samples at week 12),
and 10 donor samples (at baseline) for analysis.

2.2. Fecal DNA Isolation and Internal Transcribed Spacer 1 (ITS1) Sequencing

Fecal DNA was isolated previously in light of the original trial report [12]. Generation
of ITS1 amplicons libraries and subsequent sequencing were performed as previously
described [14]. In brief, fecal DNA was subjected to a two-step polymerase chain reaction
(PCR). In the first reaction, ITS1-regions were amplified, and overhang was created for the
Illumina Nextera platform. During the next reaction, Illumina sequencing adapters were
introduced, resulting in 200–700 base pair amplicons. Samples were mixed based on DNA
concentrations as determined by Qubit Fluorometric quantitation, and equal amounts were
sequenced using an Illumina MiSeq machine (600V3, paired end; San Diego, CA, USA).

USEARCH was used to merge resulting reads. One sample (baseline, non-responder,
FMT-A) did not have sufficient reads and was omitted for downstream analysis. Reads
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that were longer than the sequenced range, and thus could not be merged, were concate-
nated. Amplified sequence variants (ASV) were inferred using UNOISE3 on per sample
basis. ASV taxonomy was determined using the Bayesian classifier [15] and the UNITE
database (V02.02.2019, [16]). ASV abundance was determined by mapping the merged and
concatenated reads against the collectively inferred ASV set.

Mycobiota sequencing data were analyzed and visualized in R (v4.1.1) and compiled
into a phyloseq object (v1.36.0, [17]). Phylogenetic tree of Filobasidium spp. and Cryptococcus
spp. was constructed using reference data from selected references strain from the UNITE
database (v02.02.2019, [16]), multi-locus sequence alignment (package msa, v1.24.0, [18])
and visualized using ggtree (v3.0.4, [19]). All raw sequencing data have been submitted to
the ENA database under accession number PRJEB45955. Statistical analysis of mycobiota
sequencing analysis is described under ‘Section 2.8 Statistical analysis’.

2.3. Fungal Strains

Three species of the genus Filobasidium (Filobasidium magnum (CBS 140), F. floriforme
(CBS 6241), F. uniguttulatum (CBS 1730)) were obtained from Westerdijk Fungal Biodiversity
Institute (Utrecht, the Netherlands). Candida albicans (CBS 16801) was obtained from the
feces of a healthy volunteer that gave informed consent [20]. All yeast cultures were
inoculated at high density and grown aerobically overnight in Sabouraud Dextrose Broth
(Sigma Aldrich, Zwijndrecht, The Netherlands) at 24 ◦C.

In stimulation experiments, the fixed yeast cells were used. Yeast cells were washed
three times in phosphate-buffered saline (PBS; Fresenius Kabi, Huis Ter Heide, The Nether-
lands) and fixed in 4% paraformaldehyde in PBS for 1 h at room temperature. Yeast cells
were washed again, resuspended in PBS and stored at −20 ◦C until use. Fixation was
confirmed by lack of growth when culturing fungal stock solution on Sabouraud Dex-
trose Agar (Sigma Aldrich) and assessing growth after 7 days incubation at 37 ◦C. Before
stimulation experiments, cells were counted and subsequently diluted in appropriate cell
culture medium.

2.4. Monocyte-Derived Macrophages Stimulations

Monocytes were isolated from buffycoats obtained from healthy volunteers (Sanquin,
Amsterdam, The Netherlands). At first, peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll density gradient (VWR International BV, Amsterdam, The Netherlands).
Monocytes were isolated by hyper-osmotic Percoll (VWR International BV) density gradient
centrifugation as described previously [21]. Cells were maintained in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 2 mM L-glutamine and 25 mM HEPES
(Thermo Fisher Scientific, Bleiswijk, The Netherlands), 10% (v/v) heat-inactivated fetal
bovine serum (FBS; Serana, Pessin, Germany) and 100 U/mL penicillin and 100 µg/mL
streptomycin (Fisher Emergo B.V, Landsmeer, The Netherlands) at 37 ◦C and with 5% CO2.
Cells were plated at a concentration of 1 × 106 cells/mL in a 12-well culture plate (VWR
International BV), and 1 × 105 cell /100 µL in a 96-well cell culture plate (Corning Life
Sciences BV, Amsterdam, The Netherlands). Isolated monocytes were stimulated with
20 ng/mL of human macrophage colony-stimulating factor (hMCSF; Peprotech, Rocky Hill,
NJ, USA) for 3 days. Cells were washed once with warm PBS and subsequently polarized
to M1 with 50 ng/mL of interferon gamma (IFNγ; Peprotech) and M2 with 40 ng/mL of
IL4 (Peprotech), respectively for 3 additional days. Cells polarized into M0 macrophages
were maintained in complete medium without additional cytokines.

In a selection of experiments, the polarized macrophages were pre-stimulated for
1 h with 100 ng/mL lipopolysachcharide (LPS; Sigma Aldrich), followed by a single
wash in complete IMDM. Macrophages were stimulated with fixed yeast cells in 1:1 ratio
to macrophages. Cells were harvested either after 4 h for gene expression analysis, or
supernatant was harvested after 24 h for cytokine release analysis.
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2.5. Epithelial Scratch Assays and Stimulation Experiments

HT29 colon carcinoma epithelial cells were maintained in Dulbecco’s Modified Ea-
gle Medium (DMEM; Lonza) with 10% FBS (Serana), 2 mM L-glutamine (Lonza), and
100 U/mL penicillin and 100 µg/mL streptomycin (Fisher Emergo) at 37 ◦C and 5% CO2.
Cell cultures were routinely screened for mycoplasma infection, which did not occur during
the course of experiments. Five days prior to infection, HT29 cells were seeded at a density
of 3 × 105 cells/mL in a 24-wells culture plate (VWR International BV). An amount of
10 ng/mL tumor necrosis factor alpha (TNFα; PeproTech) was used to mimic inflammatory
conditions. Yeasts were added at a final concentration of 1 × 106 cells/mL. Cells were
harvested either after 4 h for gene expression analysis, or supernatant was harvested after
24 h for cytokine release analysis.

Scratch healing assays were performed as previously described [22]. In brief, HT29
cells were seeded at a density of 3 × 105 cells/mL in a 12 wells plate (VWR International
BV). Cells were grown to confluency, which occurred after 5 or 6 days. Scratches were made
using a 200 µL pipette tip (Greiner Bio-One BV, Alphen aan den Rijn, The Netherlands).
Immediately thereafter, yeasts were added at a final concentration of 1 × 106 cells/mL
and/or TNFα at a final concentration of 10 ng/mL. Cell migration was filmed overnight
using a DMi8 inverted microscope (Leica, Wetzlar, Germany) with a humidified culture
chamber maintained at 37 ◦C and 5% CO2. Conditions were tested in duplicate and
repeated three times. Each scratch was analyzed on two positions to reduce technical
variation. Images were analyzed using ImageJ software (version 1.50i, [23]).

2.6. Cytokine Determinations (CBA, ELISA)

Concentrations of TNFα, IL6 (stimulated with yeasts cells without LPS) and IL10,
IL1β (for all stimulations) in cell culture supernatants were analyzed by cytometric bead
array (CBA, BD Bioscience, Vianen, The Netherlands) with a 3-fold sample dilution in
PBS. TNFα and IL6 (pre-stimulation with LPS followed by yeast cell stimulations) and IL8
concentrations were determined by the sandwich enzyme-linked immunosorbent assay
(ELISA; R&D Systems, Abingdon, UK) according to manufacturer’s protocol. Optical
density was measured using a Synergy HT plate reader (BioTEK, Beun de Ronde, Abcoude,
The Netherlands).

2.7. RNA Isolation, First-Strand Synthesis, Qualitative PCR

RNA isolation was performed using Bioline ISOLATE II Mini kit (GC Biotech, Alphen
aan den Rijn, The Netherlands), according to manufacturer’s protocol. RNA concentra-
tions were determined using Nanodrop ND1000 (Thermo Fisher Scientific). First-strand
synthesis was performed using 2.5 ng/µL random hexamer primers (Promega, Leiden, The
Netherlands), 10 µM oligo dT primers, 1 mM deoxyribonucleotide triphosphate (dNTPs),
1× RT-buffer, 1 U/µL Ribolock RNAse Inhibitor and 5 U/µL RevertAid Transcriptase
(all from Thermo Fisher Scientific) in a total volume of 20 µL. Gene expression was per-
formed using SensiFAST SYBR No-ROX (GC Biotech BV, Waddinxveen, The Netherlands)
on a CFX96 machine (Bio-Rad Laboratories BV, Lunteren, The Netherlands). Most stable
reference genes were determined by geNorm analysis [24], being PPIA and PSMB6 for
monocyte-derived macrophages and HPRT, GAPDH for HT29 cells. Gene expression of
targets genes was determined using LinRegPCR software [25]. Primer sequences (Sigma
Aldrich) are listed in Table 2.
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Table 2. Primer sequences for qPCR reactions.

Gene Name Gene Symbol 5′-Forward Sequence 5′-Reverse Sequence

Claudin-1 CLDN1 GGCAGATCCAGTGCAAAGTC TCACTCCCAGGAGGATGC
Defensin Beta 1 DEFB1 CGCCATGAGAACTTCCTACC CCACTGCTGACGCAATTGTA

Defensin Alpha 5 DEFA5 AAGCAGTCTGGGGAAGACAA CTAGGAAGCTCAGCGACAGC
Interleukin 1β IL1B ACCAAACCTCTTCGAGGCAC AGCCATCATTTCACTGGCGA
Interleukin 6 IL6 AGTGAGGAACAAGCCAGAGC GTCAGGGGTGGTTATTGCAT
Interleukin 8 IL8 AAATTTGGGGTGGAAAGGTT TCCTGATTTCTGCAGCTCTGT

Interleukin 10 IL10 GCCACCCTGATGTCTCAGTT GTGGAGCAGGTGAAGAATGC
Occludin OCLN TTTGTGGGACAAGGAACACA ATGCCATGGGACTGTCAACT

ZO-1 TJP1 AGAGCACAGCAATGGAGGAA GACGTTTCCCCACTCTGAAA
Tumor Necrosis Factor Alpha TNF CCTGCTGCACTTTGGAGTGA GAGGGTTTGCTACAACATGGG

Occludin OCLN TTTGTGGGACAAGGAACACA ATGCCATGGGACTGTCAACT
Glyceraldehyde-30-Phosphate

Dehydrogenase GAPDH GTCAGTGGTGGACCTGACCT TGAGCTTGACAAAGTGGTCG

Hypoxanthine
Phosphoribosyltransferase 1 HPRT CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA

Peptidylprolyl Isomerase A PPIA ACGGCGAGCCCTTGG TTTCTGCTGTCTTTGGGACCT
Proteasome 20S Subunit Beta 6 PSMB6 ACCTGATGGCGGGAATCAT ATCATACCCCCCATAGGCACT

2.8. Statistical Analysis

Patient baseline characteristics are reported as mean (SD) for normally distributed con-
tinuous data, and as median (IQR) for non-parametrically continuous data. Categorical data
were displayed as frequencies (percentages). Data were analyzed using IBM SPSS Statistics
(version 26; Chicago, IL, USA). Patient baseline data were not tested for significance in line
with The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines [26].

Mycobiota data were visualized using ggplot2 (v3.3.5, [27]). For analysis of Candida spp.
abundance, Basidiomycota to Ascomycota ratio, composition analysis, and Filobasidium
spp. abundance, fungal counts were rarefied to the lowest sample sum, being 52,786 reads.
Differentially abundant genera were determined using the DESeq2 package (v1.32.0, [28]),
for which a false discovery rate (FDR) below 0.05 was considered significant. Linear mixed
effects models (package lme4, v1.1-27.1, [29]) were used to test significant of Basidiomycota
to Ascomycota ratios and Candida spp. and Filobasidium spp. abundances. Wilcoxon signed-
rank test was used in case of comparison of two groups, and Kruskal–Wallis and Dunn’s
multiple comparisons test were used for multiple groups. Compositional differences
based on Bray–Curtis dissimilarity (phyloseq) were tested using permutation multivariate
analysis of variance (PERMANOVA, package vegan (v2.5-7, [30])). Compositional shift
over time were tested using a stratified PERMANOVA.

In vitro experiments are considered non-parametrically distributed and are analyzed
by Kruskal–Wallis test and Dunn’s post hoc test. Data of in vitro experiments are pre-
sented as median and separate data points. GraphPad Prism (version 9.1.0; San Diego,
CA, USA) was used for data visualization and statistical tests. p values below 0.05 are
considered significant.

2.9. Ethical Considerations

All participants in the FMT study gave their written informed consent before the
fecal samples were collected. This study was approved by the Medical Ethics Commit-
tee at Academic Medical Hospital, Amsterdam and was registered on ClinicalTrials.gov
(NTC01650038). For buffy coats of healthy donors, informed consents were received from
participants and approved by Amsterdam UMC Institutional Review Board.
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3. Results
3.1. Elevated Filobasidium spp. Abundance in Transplanted Fecal Material Associates with Positive
Response to Fecal Microbiota Transfer

In order to associate the fecal mycobiota profiles of patients undergoing FMT with
responsiveness to this intervention, we analyzed samples of a previous trial in ulcerative
colitis. Since FMT-A also involves manipulation and infusion of fecal material and thereby
reduced disease activity, we stratified patients for response rather than FMT type. As such,
we will refer to the term ‘fecal material for transplantation’ as fecal matter to be infused
into a patient irrespective of whether this material is autologous or obtained from a donor.
ITS-1 sequencing was performed on a total of 48 samples obtained from 31 single-donor
FMTs (n = 22 non-responders, n = 9 responders) and the respective donors. The genus
Candida dominated the mycobiota profile in the majority of samples (Figure 1A). A high
abundance of the yeast genus Candida in acceptors of FMT-D was previously associated with
responsiveness to FMT-D [6], and this association was also present in the current cohort
(Figure 1B, p = 0.019, Kruskal–Wallis and Dunn’s post hoc test). Furthermore, at phylum
level, an elevated Basidiomycota to Ascomycota (B/A) ratio was observed in patients with
IBD as compared to healthy donors, especially in those with active disease [4]. In the current
cohort, the B/A ratio of patients with UC was higher than that of healthy donors, although
this did not reach significance in this sample size (Figure 1C, p = 0.059). When assessing
the mycobiota composition of all fecal material for transplantation based on Bray–Curtis
dissimilarities, no differences were found between infused material of responders and
non-responders (Figure 1D, p = 0.979, PERMANOVA). In addition, the overall mycobiota
composition of both responders and non-responders did not change significantly over time.
In conclusion, the fungal mycobiota composition of transplanted fecal material does not
differ between responders and non-responders and patients’ mycobiota profiles do not
undergo structural changes during treatment.

Since the general mycobiota structure was not associated with response to FMT, dif-
ferentially abundant genera in the transplanted material samples were assessed next to
evaluate whether specific fungal taxa may associate with positive outcome following FMT.
Eight genera were differentially abundant (Figure 1E, padj < 0.05), of which the three genera
Kazachstania, Erythrobasidium, and Filobasidium were more abundant in transplanted fecal
matter of responders. While Kazachstania sp. [31] and Rhodotorula sp. [32,33] were previ-
ously discussed in rodent models of IBD, only Filobasidium uniguttulatum was previously
found in association with non-inflamed mucosa of patients with active Crohn’s disease [34].
The abundance of the genus Filobasidium was significantly higher in fecal material for trans-
plantation to responders than non-responders (p = 0.016, Figure 1F), at baseline but not at
12 weeks after the first FMT. The four most abundant ASVs of the genus Filobasidium within
our dataset (ASV_03257, ASV_03165, ASV_03096, ASV_03221) all positively associated
with response to FMT.

Notably, identification at the species level is commonly difficult at the resolution of
ITS1 sequencing to provide this level of discrimination. Based on the phylogenetic tree
of the Filobasidium and Cryptococcus clades, the ASVs most closely resemble Filobasidium
magnum (Figure 1G). Taken together, an elevated abundance of the genus Filobasidium in
transplanted fecal material, independent of FMT type, is associated with a clinical and
endoscopic response to FMT.
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Figure 1. Filobasidium spp. abundance in donor material is associated with positive response to fecal
microbiota transfer (FMT). (A) Internal transcribed spacer 1 (ITS1)-based mycobiome composition plot
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showing abundance of on genus level, with subjects stratified for response to FMT with donor
feces (FMT-D) or with autologous feces (FMT-A). Each column represents one patient sample set.
Characters in taxa list indicate taxonomic rank (g, genus; f, family). Donor samples are only displayed
for FMT-D as FMT-A uses baseline fecal material. FMT-D, fecal microbiota transfer using donor feces;
FMT-A, fecal microbiota transfer using autologous feces. (B) Abundance of the genus Candida in
donors and patient samples at baseline or at 12-weeks follow-up. FMT-D responders vs. FMT-D
non-responders at baseline, p = 0.014 (Kruskal–Wallis). (C) Basidiomycota to Ascomycota ratio.
(D) Mycobiome composition of fecal material for transplantation (both FMT-A and FMT-D) based on
Bray–Curtis dissimilarities is not different between responders and non-responders. (E) Significant
differentially abundant genera in fecal material for transplantation (padj < 0.05). Bar length indicates
Log2FoldChange. (F) Abundance of the genus Filobasidium spp. in fecal matter for FMT and at
12 weeks after the first FMT. (G) Phylogenetic tree of Filobasidium and Cryptococcus clades. Names in
brackets are former names. Purple taxa indicated with ‘ASV’ are the four most abundant amplicon
sequence variants (ASVs) within the genus Filobasidium in this cohort. Length of each tip indicates
genetic similarity between neighboring taxa.

3.2. Filobasidium spp. Stimulation of Monocyte-Derived Macrophages Elicits Cytokine Responses

As abundance of the genus Filobasidium positively associated with beneficial response
to FMT in the current cohort and was previously found in association with non-inflamed
mucosa [34], we next hypothesized that Filobasidium spp. may have a functional relation
with FMT therapeutic outcome through interaction with intestinal immune cells. Specifi-
cally, macrophages possess a broad spectrum of modulatory effector functions, including
(regulation of) inflammatory processes [35], tissue healing [36], and even maintaining
epithelial function by controlling fungal metabolite uptake [37]. To test the cellular effects
of Filobasidium spp., peripheral blood monocyte-derived macrophages were first polarized
into either M0, M1, or M2 phenotype. Cells were stimulated with either one of three
species of the genus Filobasidium: Filobasidium uniguttulatum was previously described,
Filobasidium magnum is the most likely species based on the current sequencing data, and
Filobasidium floriforme is most compatible with human physiology as this species is able
to withstand temperatures of 37 ◦C. C. albicans was used as reference for macrophage re-
sponse given the known opportunistic nature and its role in IBD [38]. Across all conditions,
stimulation with F. floriforme led to an increase in cytokine expression and release. This
species induced significantly higher mRNA expression of the pro-inflammatory cytokines
interleukin (IL) 1β and TNFα throughout all macrophage subsets (Figure 2A,C,E,G,I,K),
while a significant increase in TNFα cytokine release was only observed in M1 and M2
macrophages (Figure 2S,W). Additionally, a significant IL1β production was observed in
M1 macrophages only (Figure 2Q). Moreover, IL6 mRNA expression and release were
significantly increased in M1 macrophages upon stimulation with F. floriforme (Figure 2F,R)
while anti-inflammatory IL10 mRNA expression was significantly expressed in M0 and
M2 polarized cells (Figure 2D,L) and a significant increase in the IL10 cytokine level was
seen in all macrophage states (Figure 2P,T,X). C. albicans only significantly affected IL1β and
TNFα mRNA expression in M1 macrophages (Figure 2E,G) with no effects on the cytokines
in all macrophage polarizations (Figure 2M–X). F. uniguttulatum did not induce significant
elevations of mRNA expression in any of the macrophage subsets (Figure 2A–L). F. magnum
stimulation resulted in a significant production of IL6 and TNFα in M2 macrophages
(Figure 2V–W). Together, this suggests that Filobasidium species elicit inflammatory re-
sponses in macrophages in mRNA and cytokine level.
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Figure 2. Stimulation of monocyte-derived macrophages to Filobasidium spp. results in cytokine
response. (A–L) Relative expression levels of cytokines IL1β, IL6, TNFα, and IL10 across M0, M1,
and M2 polarized monocyte derived macrophages ((A–D), (E–H), (I–L), respectively) after 4 h
stimulation with yeast species (n = 5–6 individuals). mRNA expressions are normalized against
housekeeping genes, PPIA and PSMB6. (M–X) Released cytokines (IL1β, IL6, TNFα, IL10) by
monocyte-derived macrophages skewed into M0, M1, or M2 phenotype ((M–P), (Q–T), (U–X),
respectively) and stimulated with yeasts for 24 h (n = 4–6 individuals). Data represented as median
and separate data points. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001.
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3.3. Macrophage Cytokine Release after Pre-Treatment with Lipopolysaccharide and Subsequent
Stimulation with Filobasidium Species or C. albicans

Filobasidium spp. induced a significant stimulation of the expression and secretion of
cytokines including IL10 in all conditions tested, which could well explain its association
with an improved outcome of FMT. We next tested the effect of pre-incubating macrophages
with LPS followed by washing and re-stimulation with three Filobasidium species and
C. albicans spp. Macrophages exposed to Filobasidium spp. released significant amounts of
TNFα (Figure 3C,G,K), and IL10 (Figure 3D,H,L) in all macrophage sets upon stimulation
with F. floriforme and LPS. Additionally, IL1β and IL6 were significantly produced in
M0 and M1 polarized macrophages upon combined F. floriforme and LPS stimulation
(Figure 3A,B,E,F). In addition, Filobasidium species did not dampen LPS-induced cytokine
release in any macrophage state. Interestingly, C. albicans significantly affected IL6 cytokine
level in M1 macrophages (Figure 3F) and IL10 cytokine production in all macrophage
states (Figure 3D,H,L). Concluding, stimulation of macrophages with F. floriforme, evokes
inflammatory reactions across the board of different macrophage states.
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Figure 3. Cytokine release from different states of macrophages after pre-treatment with lipopolysac-
charide and stimulation with Filobasidium species or Candida albicans. (A–L) Released cytokines by
LPS pre-incubated monocyte-derived macrophages skewed into M0, M1, or M2 phenotype ((A–D),
(E–H), (I–L), respectively) stimulated with yeasts. All data represented as median and individual
data points (n = 3–4 donors). * p <0.05; ** p <0.01.

3.4. Epithelial Cytokine Release, Gene Expression, and Wound Healing Are Not Affected by
Stimulation with Filobasidium spp.

Given recent insights that yeasts may influence intestinal wound healing [9], we next
investigated the effects of stimulation with Filobasidium spp. stimulation on epithelial cells.
To this end, HT29 monolayers were exposed to the three Filobasidium species or C. albicans in
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presence or absence of TNFα to mimic inflammatory conditions. Stimulation of HT29 cells
with TNFα stimulated IL8 mRNA expression and cytokine release, while no production of
IL8 in absence of TNFα was observed (Figure 4A,B). Furthermore, mRNA expression of
the tight junction protein Claudin-1 (CLDN1) expression was elevated as well upon TNFα
exposure, while antimicrobial peptides (DEFA5, DEFB1) and other tight junction genes
(ZO1 (TJP1), Occludin (OCLN)) remained unaffected (Figure 4C–G). However, stimulation
with the selected yeasts species did not alter expression of any of the assessed genes. We
next assessed whether addition of yeasts to an inflammatory condition could enhance
wound healing. Monolayers of HT29 were scratched and exposed to TNFα and Filobasidium
species or C. albicans. The wound closure rate was not significantly different between
conditions, nor was the closure percentage at 24 h of stimulation (Figure 4H,I). Concluding,
Filobasidium species do not influence expression of the investigated epithelial genes or
functional wound closure in inflammatory conditions.
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Figure 4. Stimulation of epithelial cells to Filobasidium species results in no pro-inflammatory response.
(A,C–G) Relative expression of IL8, DEF5A, DEFB1, CLDN1, OCLN, and TJP1 upon stimulation of
HT29 epithelial cells with yeast for 4 h (n = 3). Expression normalized against references genes
HPRT and GAPDH. (B) Supernatant IL8 concentrations after 24 h stimulation of HT29 monolayers.
(H) Epithelial wound healing assay with simultaneous stimulation with yeast species. Closure is
expressed as percentage of scratch area closed at 4 h intervals for 24 h. (I) Wound closure after 24 h of
incubation with yeast. Data are presented as median and separate data points and were tested using
Kruskal–Wallis tests.

4. Discussion

In these investigations, we searched for markers associating with positive outcome of
FMT in ulcerative colitis. Our ITS1-based gut mycobiota analysis confirmed a previously
reported association between responsiveness and relatively high pre-FMT level of Candida
spp. in acceptors. In addition, we observed enhanced presence of the yeast genus Filobasid-
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ium in fecal matter for transplantation to associate with clinical remission and endoscopic
response. While the most abundant ASVs of the genus Filobasidium were genetically closest
to Filobasidium magnum, we also used Filobasidium uniguttulatum and Filobasidium floriforme
spp. in follow-up investigations. Epithelial cells seemed unresponsive to Filobasidium spp.,
but stimulation of monocyte-derived macrophages resulted in a mixed cytokine response
that included release of IL10. Although it remains to be established whether Filobasidium
spp. itself contributes to induction of remission, this study suggests that elevated abun-
dance of the yeast genus Filobasidium in fecal material for transplantation associates with
successful outcome of FMT in ulcerative colitis.

Using a well-documented, but relatively small, sample set of a previously published
FMT study, we aimed to identify fungal biomarkers associating with favorable response
in IBD recipients. Our mycobiota focus was inspired by recent preclinical studies indi-
cating that the gut mycobiome affects experimental colitis via host immune recognition
of fungi [8,39,40]. In addition, compositional differences were reported when comparing
gut mycobiota of patients with IBD to those of healthy subjects. These changes included
alterations of the Basidiomycota to Ascomycota (B/A)-ratio, especially in patients with
active disease [4]. Despite the small size of our study population, compared to healthy
donors, B/A ratio was also raised in our recipients, but did not decrease during remission.
Instead, we observed a trend to even further increase that did not reach significance. In
line with our results, others also reported no significant changes in B/A ratio upon FMT
in patients with ulcerative colitis [6]. In addition to B/A ratios, and most likely due to
their pathogenic nature within mucosal surfaces, Candida species are frequently studied in
relation to intestinal inflammation. Leonardi et al. showed that high pre-FMT relative abun-
dance of Candida spp. in ulcerative colitis associated with successful clinical outcome [6].
We also observed high pre-FMT abundance of the genus Candida in FMT-D responders,
herewith confirming its predictive value, but no post-FMT decline in relative abundance.
Based on the latter result one could argue that, although Candida spp. can be considered a
biomarker for successful FMT, this genus has no functional relevance for disease activity.
However, the genus Candida contains a few hundred different species, of which only several
possess a pathogenic nature [41]. Thus, a shift toward increased presence of less pathogenic
species within this genus may still have direct consequences for disease activity.

When searching for additional fungal biomarkers to predict successful FMT, we iden-
tified eight genera that were differently abundant when comparing transplant material of
responders and non-responders. Three of these genera, Kazachstania, Erythrobasidium and
Filobasidium, were enriched in fecal matter for transplantation of responders and thus asso-
ciated with positive outcome of FMT. While most reports on Erythrobasidium relate to plant
material, the food-fermenting genus Kazachstania was described in relation to gastrointesti-
nal disease. In a rat model of ileal pouch anal anastomosis, low-dose fluconazole treatment
resulted in lower fecal abundance of genus Kazachstania and aggravated pouchitis [31].
Moreover, Kazachstania turicensis was reported as main fecal marker to discriminate between
patients with irritable bowel syndrome hypersensitive to colorectal distension and healthy
volunteers [42]. Importantly, the genus Filobasidium was already described in relation to IBD.
Liguori et al. showed that F. uniguttulatum associated with non-inflamed mucosa in active
Crohn’s disease patients [34]. However, the elevated abundance of Filobasidium spp. was
only observed at baseline and was completely absent at the 12-week time point. Engrafting
of Filobasidium spp. within the recipient’s mycobiota is thus unlikely, and hence we next
addressed a possible functional role for the genus Filobasidium in the induction of remission
immediately upon introduction of this yeast. Unfortunately, our ITS1 sequencing approach
did not reach the level of resolution needed for Filobasidium species identification. Thus,
we selected species based on multiple strategies. Filobasidium magnum was chosen based
on phylogenetic distance, Filobasidium uniguttulatum because of previous research [34] and
Filobasidium floriforme for its capability to grow at 37 ◦C. Since gut-resident macrophages
play a key role in the balancing of tolerogenic and inflammatory responses against intestinal
mycobiota [43], we focused on Filobasidium spp.-macrophage interactions in our further in-
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vestigations. Evidently, the in vivo complexity and full spectrum of macrophage functions
can never be mimicked by the simplified M0, M1 and M2 approach chosen in this research.
Yet, our stimulation assays provided some species-specific evidence for a possible role of
IL10. This anti-inflammatory mediator is relevant in maintaining immune homeostasis
and involved in host protection from excessive microbiota targeted immune responses [44].
Release of IL10 by M0, M1, and M2 macrophages did not increase following exposure to
C. albicans, F. magnum and F. uniguttulatum, whereas all three macrophage subsets showed
enhanced mRNA expression and release of IL10 following exposure to F. floriforme. These
IL10 cytokine release levels were even further enhanced when, prior to yeast stimulations,
macrophage subsets were stimulated with LPS. Indeed, augmented IL10 production upon
combined pattern recognition receptor activation was reported earlier [44]. Focusing on the
presence of two different human macrophage subsets in IBD inflammatory tissue, Bernardo
et al. showed enhanced presence of pro-inflammatory monocyte-like cells, but not the
IL10-producing macrophage-like cells [45]. Possibly, Filobasidium spp. in fecal material
for transplantation, helped to restore immune homeostasis by enhancing IL10 production
in locally present tolerogenic macrophages. Such local effect of these yeasts on intestinal
healing would be reminiscent of a recently published study on the role of Debaryomyces
hansenii. This yeast, almost exclusively observed in lesional sites, caused delayed wound
repair in Crohn’s disease [9]. Consequently, we suggest that opposite, disease alleviating,
effects of locally present Filobasidium spp. should be explored in future FMT trials. Initial
investigations may include the combined in situ assessment of macrophage phenotypes
(differentiation markers and cytokine profiles) and Filobasidium spp. localization in the gut.

5. Conclusions

In this study, we addressed the gut mycobiome in relation to successful FMT. We con-
firmed earlier observations that linked responsiveness to the enhanced pre-FMT abundance
of Candida spp. in recipients. Furthermore, in transplanted material, we showed that the
high abundance of three genera, Kazachstania, Erythrobasidium, and Filobasidium, associate
with a positive outcome. In vitro investigations suggested that the genus Filobasidium
may enhance the anti-inflammatory phenotype of macrophages. Because our study con-
firms the possible role of intestinal yeasts in successful FMT, we suggest that future tri-
als should explore the possibility of using fungal biomarkers for donor and recipient
selection procedures.
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