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Chapter 4

Abstract

Background

Faecal microbiota transplantation [FMT] shows some efficacy in treating patients with
ulcerative colitis [UC], although variability has been observed among donors and
treatment regimens. We investigated the effect of FMT using rationally selected donors
after pretreatment with budesonide or placebo in active UC.

Methods

Patients >18 years old with mild to moderate active UC were randomly assigned to
3 weeks of budesonide [9 mg] or placebo followed by 4-weekly infusions of a donor
faeces suspension. Two donors were selected based on microbiota composition,
regulatory T cell induction and short-chain fatty acid production in mice. The primary
endpoint was engraftment of donor microbiota after FMT. In addition, clinical efficacy
was assessed.

Results

In total, 24 patients were enrolled. Pretreatment with budesonide did not increase
donor microbiota engraftment [p = 0.56] nor clinical response, and engraftment
was not associated with clinical response. At week 14, 10/24 [42%)] patients achieved
[partial] remission. Remarkably, patients treated with FMT suspensions from one donor
were associated with clinical response [80% of responders, p < 0.05] but had lower
overall engraftment of donor microbiota. Furthermore, differences in the taxonomic
composition of the donors and the engraftment of certain taxa were associated with
clinical response.

Conclusion

In this small study, pretreatment with budesonide did not significantly influence
engraftment or clinical response after FMT. However, clinical response appeared to
be donor-dependent. Response to FMT may be related to transfer of specific strains
instead of overall engraftment, demonstrating the need to characterize mechanisms
of actions of strains that maximize therapeutic benefit in UC.
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Faecal microbiota transplantation in patients with active UC

Introduction

The inflammatory bowel disease [IBD] ulcerative colitis [UC] is a chronic disorder of the
colon. The exaggerated immune response appears to be mediated by an interaction
between genetic and environmental factors and the gut microbiota.! Current treatment
modalities are based on local immune suppression with 5-aminosalicylates [5-ASAs],
temporary prednisolone/budesonide, thiopurines, or targeted therapy with small
molecules and/or biologics.? Despite maintenance medication, most patients suffer
from periods of flares and ongoing inflammation with a significant impact on quality of
life, and the 20-year cumulative colectomy rate after UC diagnosis is 14%.3 In addition,
a subset of patients experience significant side effects from currently available
medication. These observations underlie the need for new treatment modalities.

IBD is characterized by a proinflammatory cytokine microenvironment with a reduced
ratio of regulatory T cells [Tregs] to proinflammatory T helper 17 cells [Th17].4 Tregs
are a subpopulation of T cells that are able to inhibit T cell proliferation and cytokine
production and thereby have a role in regulating or suppressing the immune response.
Analysis of the microbiome in UC patients with active disease indicates a less
diverse composition compared with healthy individuals.> An imbalance of dominant
species has also been observed in IBD patients, with a reduction in members of the
phyla Firmicutes, Bacteroidetes, or Verrucomicrobia [specifically, Faecalibacterium
prausnitzii, Clostridium cluster IV and XIVa, and Akkermansia muciniphila]l and an
overgrowth of facultative anaerobes from the family Enterobacteriaceae [Escherichia
coli or Klebsiella species].6'7 Furthermore, short-chain fatty acids [SCFAs], such as
butyrate, are typically reduced in patients with active IBD; these organic acids are
described as important metabolites to maintain intestinal homeostasis.?

Faecal microbiota transplantation [FMT] is an effective treatment for
recurrent Clostridioides difficile infections by restoring a healthy gut microbiota
composition.? Several studies have addressed the effects of FMT for UC, showing
a response rate of around 36% for patients with various treatment regimens.'® Of
note, efficacy may be donor-dependent'’ and response appears to be associated
with engraftment of the donor microbiota.'” These previous studies highlight many
unanswered questions about treatment of UC patients with FMT: how to identify
preferred donors, and determine which pretreatments promote the donor microbiome
and response.

In this randomized controlled pilot study, we investigated the effect of pretreatment
with budesonide on engraftment of FMT donor microbiota in patients with mild to
moderately active UC. In addition, donor microbiota-dependent effects were compared
using faecal material preparations from two rationally selected donors.
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Methods

Study design

This was a single-centre, double-blind, randomized controlled trial in adult UC patients
with active mild to moderate disease. The primary outcome was the effect of pretreatment
with budesonide or placebo on the engraftment of the donor microbiota after FMT in UC
patients. Secondary outcomes were safety, clinical response at week 10 [4 weeks after
the last FMT] based on the partial Mayo score,”® and at week 14 [8 weeks after the last
FMT] based on the full Mayo score [partial Mayo score + endoscopic outcomes] on FMT as
an induction therapy with and without budesonide pretreatment. Additional secondary
outcomes included the effects of pretreatment, donor selection, and donor microbiota
engraftment on clinical response. In the absence of reliable information to estimate the
effect size of the treatment on the primary endpoint in this pilot study, a sample size of
12 patients per group was chosen.'* Due to the COVID-19 pandemic and the following
national lock-down measures implemented by the Dutch government, the inclusion of
patients was temporarily halted from March 2020 to June 2020.

Patient selection

Patients >18 years old with a confirmed endoscopic diagnosis of UC with mild to
moderate active disease [a full Mayo score of 4-9] were enrolled. A colonoscopy
with a Mayo endoscopic sub score of 1 or 2 performed <4 weeks before study
entry was required. Concomitant therapy at a stable dose for at least 12 weeks with
aminosalicylates, azathioprine, 6-mercaptopurine, methotrexate, and/or anti-tumour
necrosis factor [TNF]-a, was permitted.

Exclusion criteria were: patients not able to give written informed consent,
pregnancy, disease limited to the rectum [<15 cm from the anal verge], recent use
of antibiotics [<6 weeks] or current need for systemic antibiotics, recent use of oral
corticosteroids or budesonide [<8 weeks], previous surgery specifically for UC or
recent intra-abdominal surgery [<12 weeks], signs of active infectious gastroenteritis/
enterocolitis, cytomegalovirus [CMV] infection, abnormal renal function (estimated
glomerular filtration rate [eGFR] > 30 mL/min), pre-existing leucopenia [<2.0 mm~]
or thrombopenia [<90.000 mm~3], liver function test abnormalities [>2 ULN (upper
limit of normal)], previous treatment with more than two biologics, treatment with
any investigational drug in another trial [<12 weeks of randomization], or any other
significant medical illnesses that might interfere with this study.

Preparation and Characterization of Donor Fecal Suspensions

The donor faecal suspensions were provided by the Netherlands Donor Feces
Bank [NDFB], which uses standardized procedures for donor screening, collection,
preparation, and storage.”>™"” All faecal suspensions consisted of 60 g of faeces from
each individual donor, with an end volume of 10% glycerol, and stored in a =80°C freezer
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until the morning of the FMT. From a set of 12 eligible fecal donors, a rational selection
of the 2 donors used in this study (D07 and DO8) was based on microbiota community
composition, ability to induce T regulatory cells (Tregs) in vivo, and capacity to produce
short-chain fatty acids (SCFAs) in vivo.

Characterization of donor stool

From 12 eligible donors, 71 stool samples were investigated by metagenomic
sequencing using the Nextera XT DNA library prep kit and sequenced on the Illumina
NextSeq at DNA Genotek’s CLIA certified sequencing lab [DNA Genotek Inc.a]. An
average of 43 million reads was obtained for each of the 71 unique donor faecal
samples [83 total metagenomes]. Faecal metagenomic reads were assigned taxonomies
using the One Codex platform and a custom database containing around 150 000
reference genomes developed by Vedanta Biosciences, Inc. The One Codex platform
uses a k-mer-based assignment algorithm where metagenomic reads are compared
to a database of taxon-specific k-mers and assigned to the lowest common ancestor
on the One Codex phylogenetic tree. Donors were clustered by their mean relative
abundance of taxonomic families across samples, using hierarchical clustering with
Euclidean distance and complete linkage. Raw data for the metagenomic sequences
are available upon request.

Metagenomic sequencing demonstrated that all donors had high abundance of
bacteria within the families Clostridiaceae, Bifidobacteriaceae, Ruminococcaceae, and
Lachnospiraceae [Figure 1A]. When the donor microbiome was examined by hierarchal
clustering, four donors [D13, D04, D12, and DO1] clustered near each other and had
high levels of Prevotellaceae, which prior studies demonstrate is detrimental in animal
models of IBD.'®° D02 had low levels of Prevotellaceae; however, this donor also had low
levels of the propionate-producing family of bacteria Bacteroidaceae.?” Thus, this donor
was excluded from the study. A cluster of four donors [D09, D05, D08, and D07] had
low levels of Prevotellaceae with high levels of Bacteroidaceae and additional taxa with
potential benefitin IBD. D09 had a variety of unique taxa including additional bacterial
families associated with remission in UC, such as Oscillospiraceae and Firmicutes
[Peptoniphilaceae]. However, D09 did have low abundances Enterobacteriaceae
and Enterococcaceae that are associated with UC.?" D05 had high levels of bacteria
demonstrated to be beneficial in UC, and D07 and D08 had similar taxonomy to D05
but also contained Akkermansiaceae, which has been shown to provide benefit in
UC.?? Together, the metagenomic analysis selected D05, D07, D08, and D09 for
preclinical studies to examine Treg induction and SCFA production in germ-free mice.

95




Chapter 4

A oot
0 oo
b2
23 30
£
5z
=5 20
ik
g3 10
o000 & T
Lae T o T B o B~ T~ \ S S~ T S .o S
-9 " 929323393 =
AR AAAARARAARAARAAARA &
Unclassified N
. Clostridiaceae 9
Bifidobacteriaceae &
Bacteroidaceae
Selenomonadaceae 40
Porphyromonadaceae
Atopobiaceae 5
. s " s o2
Desulfovibrionaceae Mean % Relative 23 30
Methanobacteriaceae S °
Siphoviridae Abundance (=)
Fusobacteriaceae 100 28 20
Peptoniphilaceae gy
Enterobacteriaceae %g
Enterococcaceae 10 £ 210 O
Actinomycetaceae L
Sutterellaceae
B Odsalgospnraceae 1 0
= Odoribacteraceae & & > &
E Muribaculaceae &3“ Qe& & &
= Barnesiellaceae 0.1 &
Lactobacillaceae . 007
. Pasteurellaceae
Acidaminococcaceae . <0.1 40 o
Peptostreptococcaceae
Eggerthellaceae Ll
Akkermansiaceae ) 20
Erysipelotrichaceae e ~
Veillonellaceae & = .
Streptococcaceae &
Tannerellaceae 582
Rikenellaceae 8
Coriabacteriaceae £3 10 °
Eubacteriaceae £ T
Prevotellaceae °
Ruminococcaceae
Lachnospiraceae 0 N N S N
& A& & &
«“}& Q°° € ;g°
I
DO8
D07 E F G — 0.0004
0.0972 0.1885 Ll
5000 e 2500 400 00033
0.0013 ° °
., 4000 . « 2000 5500 -
> Es )
5 3000 . 2 1500 g
T £am
£ 2000 'g. 1000 g
~
1000 500 100
0 0 0
D08
5000 2500 400 0.0004
o005 o580
4000 T 2000 oozt
=
%: 00032 ? sasie g 300 &
23000 L] 2 1500 2
3 [ ) o g £ 200
2 2000 . & 1000 g
. 2 I
= 100
1000 500
0 0
o > > o o > > o
&S & TS S & T L
& [

Figure 1. Selection of faecal microbiome transplant donors. [A] Heatmap depicting the
mean abundance of taxa at the family level in stool samples from 12 healthy FMT donors. The
donors are clustered based on their faecal microbiota composition. The donors selected for
further evaluation based on their microbiota composition and donor availability are indicated
by the filled in circles and correspond with panel B. [B-D] Donor stool induces T regulatory cells
in the colonic lamina propria of mice. Germ-free mice were given either pooled [total + ethanol
treated], spore-forming, or total stool fraction libraries [SFL]. Four weeks post-treatment, induced
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T regulatory cells in the colonic lamina propria were examined by flow cytometry [gating: lym-
phocytes — singlets — Live CD45+ — CD4+ CD3+ — Foxp3 vs Helios]. [B] Total SFLs from donors
D09, D05, and D07 significantly induced T regulatory cells [Foxp3+ Helios—] when compared to
germ-free mice; n =4-6 mice per group. [C, D] Induction of T regulatory cells by pooled, total,
and spore-forming SFLs from [C] DO7 and [D] DO8; n = 4-6 mice per group. [E-G] Short-chain
fatty acids from caecal contents were measured by mass spectrometry. Acetate [E], propionate
[F], and butyrate [G] were examined. Non-spore fractions induced higher propionate [F] while
spore fractions induced higher butyrate [G].

Examination of Treg induction in the colonic lamina propria

For preclinical stool selection experiments, stool fraction libraries [SFLs] were generated
from selected donors by culturing live bacteria and collecting plate scrapings. Spore-
forming SFLs were generated by ethanol treatment of cultured live bacteria from
stool. Pooled SFLs were generated by combining the spore-forming fractions with
plate scrapings from total SFLs. Germ-free mice were inoculated with SFL material for
28 days prior to examining induction of Tregs in the colonic lamina propria and SCFA
production in the caecum.

SFLs of total plate scrapings, ethanol-treated, and pooled [plate scrapings combined
with ethanol-treated] samples were given to germ-free mice (according to the
Institutional Animal Care and Use Committee [IACUC] at the Massachusetts Host-
Microbiome Center Gnotobiotics Core [Boston, MA, USA]). At 28 days post-inoculation
with donor SFL, colons from formerly germ-free mice and controls were collected.
Mouse colonic tracts were dissected, sectioned longitudinally, cut into 2-4-mm pieces,
and washed with phosphate buffered saline [PBS] to remove luminal contents. Cell
suspensions from the lamina propria were prepared as described previously [23] with
the following modifications:intestinal tissue was cut into small pieces, treated with RPMI
with 10% FBS, T mM of DTT, and 5 mM EDTA to remove epithelial cells, and then digested
with 0.2 mg/mL Collagenase VIII, and 0.075 mg/mL dispase at 37°C with shaking (180
rpm) for two 40 min periods. Cells were counted, stained with a viability dye, using the
surface markers CD45, CD3, and CD4, and stained intracellularly for RORyt, Helios,
Foxp3, and GATA3. Stained cells were run on a BD FACSCelesta and analysed using
Flowjo and GraphPad Prism software.

When SFLs were inoculated into germ-free mice, we saw significant induction of
Tregs [Foxp3+ Helios—] in mice receiving faecal material from D05, D07, and D09
[p <0.02, Figure 1B]. D09 containing taxa associated with UC and D07 and D08
containing Akkermansiaceae were further assessed in germ-free experiments of non-
spore, spore, and pooled SFL donor material. We found that various stool fractions from
D07 and D08 were able to significantly induce Tregs [Foxp3+ Helios—] in gnotobiotic
mice [p < 0.02, Figure 1C and D] with the exception of the pooled SFL from D07, which
was not statistically significant but trended toward Treg induction [p < 0.08, Figure 1CJ.
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Short-chain fatty acid analysis

SFLs of total plate scrapings, ethanol-treated, and pooled [plate scrapings combined
with ethanol-treated] samples were given to germ-free mice. At 28 days post-inoculation
with donor SFL, caecal contents from formerly germ-free mice and controls were
collected and mass spectrometry for SCFAs was performed [Metabolon].

Acetate was produced in germ-free mice inoculated by all SFL fractions, the non-spore,
spore, and pooled SFL material, from donor microbiomes D07 and D08 [p < 0.1, Figure
4E]. Propionate was significantly produced by pooled and non-spore SFL fractions
[p <0.05, Figure 1F] as expected due to Bacteroides being the main producers of
propionate. Likewise, butyrate was significantly produced by pooled and spore-forming
SFL fractions [p < 0.005, Figure 1G] as butyrate is mainly produced by spore-forming
bacteria, such as Clostridia.

Taken together, the microbial compaosition, Treg induction, and SCFA production of
donor microbiota were used to narrow down two donor samples. Donor microbiomes
were narrowed to D05, D07, D08, and D09, based on observed lower relative
abundances of Prevotellaceae and abundance of the bacterial families Bacteroidaceae
and Akkermansiaceae. Following observed Treg induction and SCFA production in
mouse models, donors D08 and D07 were selected as FMT donors in this study.

Treatment schedule

Patients were included and treated at the Department of Gastroenterology at Leiden
University Medical Center [LUMC, Leiden, Netherlands]. After inclusion, patients were
randomly assigned to a 3-week course of oral budesonide [9 mg] or identical looking
placebo once a day [Figure 2]. The randomization procedure was conducted by an
independent coordinator of the LUMC hospital pharmacy. A block diagram was used
of 8 [4 to 4] patients per block for randomization, which also included stratification for
donors [6 to 6]. The pretreatment phase was followed by four weekly infusions [weeks
3-6] of a donor faecal suspension from either donor DO7 or D08 produced by the
NDFB as described above. The donor faecal samples were infused in the duodenum
via either a nasoduodenal tube or directly via the gastroscope, both according to the
LUMC protocol. One day before the first FMT, patients underwent bowel lavage with
2 L of a macrogol solution [Kleanprep]. Prior to every FMT, all patients were sober
for at least 6 h. During the study, no changes were allowed regarding the patients’
medication or diet.
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Figure 2. Timeline of the FECBUD study. At inclusion in the study, 24 patients were randomized
into budesonide and placebo treatment groups. Patients received a bowel lavage, followed by four
FMT infusions once weekly from week 3 to 6. The acute time period for assessing engraftment
is defined from week 4 to 7, which corresponds to samples collected 1 week after each FMT. The
durable time period for assessing engraftment is defined by samples collected 2 weeks or later
following the final FMT infusion [week 8 to week 14]. In the table, X indicates when a questionnaire
was used or when a sample was collected. FMT = faecal microbiome transplantation, n = number.

Data collection

Baseline characteristics included age, sex, weight, disease duration, location of
disease, previous medication, and concomitant drug treatment. A full Mayo score,
both clinical and endoscopic, was assessed, and all patients underwent physical
examination [weight, temperature, and pulse]. The project team [AM, SM, JK] reviewed
the endoscopic Mayo score at inclusion. Analysis of blood samples included CGreactive
protein, leukocytes, thrombocytes, renal function [eGFR, creatinine], liver function tests
and faecal calprotectin [FCP]. To assess quality of life, the EQ-5D-5L and a disease-
specific questionnaire were used.?* During follow-up, disease activity and adverse
events were registered in a structured way. At every study visit, stool and blood samples
were collected for research purposes. The questionnaires were administered again at
weeks 10 and 14. At the end of the study, a sigmoidoscopy was performed to assess
the endoscopic Mayo score [Figure 2].

Patient outcomes and clinical response

At week 10 [4 weeks after the last FMT], clinical outcome was based on the partial Mayo
score, including stool frequency in 24 h [score 0-3], the presence of blood [score 0-3]
and the Physician Global Assessment [score 0-3]. At week 10, remission was defined as
no complaints [partial Mayo score of <2, with no individual sub score of >2], and partial
response was defined as a decrease of at least 3 points in the partial Mayo score; all
other situations were considered as no response.
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At week 14 [8 weeks after the last FMT], clinical outcome was based on the full Mayo
score. All endoscopic pictures were reviewed blinded by two experienced endoscopists
[AM and SM]. In case of disagreement, a third reviewer [JK] scored. At week 14, remission
was defined as no complaints [partial Mayo score of <2, with no individual sub score of
>2] and an endoscopic Mayo score 0-1a [erythema without friability]. Partial remission
was defined as a decrease of at least 3 points in the partial Mayo score and a decrease
of at least 1 point in the endoscopic Mayo score [e.g. also a decrease from 1b to 1a].
No response at week 14 was defined as an occurrence or recurrence of symptoms
and an equal or increased endoscopic Mayo score. Patients who did not complete the
study because of progressive symptoms/disease were considered treatment failures
[no response].

Metagenomic sequencing of faecal samples

Stool samples were collected according to standardized procedures™' at
inclusion, before placebo or budesonide treatment, and prior to faecal microbiome
transplantations and following treatment on weeks 7, 8, 10, and 14 [Figure 2]. Total
DNA was extracted from donor and recipient stool samples using the DNeasy
PowerSoil Pro kit [Qiagen Cat. No. 47016] on the QlAcube and the MO BIO MagAttract
PowerMicrobiome [+ClearMag] kit [Cat. No. 27500-40EP] automated on the KingFisher
Flex [ThermoFisher]. Metagenomic sequencing was performed by Diversigen using the
lllumina NovaSeq 6000 platform [Illumina Inc]. Samples were sequenced using the
1 %100 bp single end protocol to a median depth of 2.9 million reads. Raw data from
metagenome sequencing are available upon request.

Engraftment analysis

Raw metagenomic reads were uploaded to the One Codex analysis platform [One
Codex]for taxonomic classification, which assigns taxonomy based on a custom,
curated databased as described previously in ‘Characterization of donor stool” above.
In short, the raw reads are divided into k-mers sets then assigned taxonomy comparing
the k-mers to a custom in-house reference database of microbes. Taxonomic profiling
with this approach has been used previously to assess the impact of live biological
therapeutics on healthy volunteer microbiomes,?® evaluate host microbiome response
to sterile faecal filtrate transplantation in patients with C. difficile infection,?® and classify
gut microbiome composition in patients with bloodstream infections.?” The taxonomic
assignment table was then imported into R to calculate the engraftment score, visualize
the results, and perform statistical tests [R v.4.0.2].

After applying a 0.1% relative abundance threshold, the median cumulative abundance
per sample was 97%, i.e. only 3% of data were discarded. Next, we determined which
species were putatively donor-derived by determining the donor core species.
Species were considered ‘core’ if they were present above the detection limit in at
least six samples [out of 13 or 14 for donor DO7 and D08, respectively]. This yielded
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core microbiomes of 160 and 115 species for donor D07 and D08, respectively. These
species were also abundant in all donor samples: their total abundance was always
>70%. To determine which of these species engrafted in the recipient patients, these
putatively donor-derived species were compared to the bacterial profiles in the
recipients before FMT and overlapping species were excluded, i.e. species already
present in the patient before FMT were deemed not engrafted. The species that
were unique to the donor for each subject were used to quantify engraftment. The
resulting median number of putatively donor-derived species per recipient was 82
[range: 62-135]. Engraftment metrics were calculated for the complete duration of
the experiment [‘overall’], for the phase directly following the FMTs [Weeks 4-7, Figure
2, 'acute’] and for the weeks after the FMTs [Weeks 8-14, Figure 2, ‘durable’]. Three
different engraftment measures were then summed to produce a total engraftment
score. [1] The median Species Engraftment Index [SEI], which is the median total relative
abundance of the engrafted species. This quantifies the extent of displacement of the
recipient microbiome with the donor microbiome. [2] The second metric is the Species
Engraftment Fraction [SEF], which is the fraction of bacteria that engrafted divided by
all putatively engrafted, donor-derived species [and is therefore a number between 0
and 1]. This metric describes the diversity of donor species, regardless of abundance,
that are introduced to the recipient in FMT, which was previously associated with
donor efficacy and clinical response.?-3% [3] Engraftment was assessed by comparing
bacterial species compositions using pairwise Aitchison distances. Recipient to donor
distances were evaluated as median distance to the corresponding donor microbiomes
and normalized by the distance to the donor at the timepoint before the first FMT [after
pretreatment and bowel lavage; timepoint ‘week 3']. Next, we converted this to similarity
scores by taking [1/Aitchison distance] for ease of interpretation [high score = more
engraftment]. Microbiota similarity has also been used to study FMT efficacy.'*' To
combine the three different metrics for engraftment in a total engraftment score, we
normalized the SEI, SEF, and median Aitchison distance to donor by multiplying the
SEl'and Aitchison distance so that each had an approximately equal median, and then
summed them. The scripts used to quantify engraftment are available online at https://
doi.org/10.5281/zeno0d0.8158623.

Machine learning modelling to identify microbiota signatures of
response

To determine recipient microbiome taxonomic signatures that are strongly predictive
of response, random forest classification [RFC] modelling was used as in the study
from Haran and colleagues.?” Fewer microbiome samples were available at later
timepoints for training and testing models because treatment failures dropped out
of the study over time. This created a trade-off between maximizing the number of
patients included in a model or maximizing the breadth of timepoints, which was
accounted for by creating four different models. Model 1 predicted response using only
baseline microbiome composition of subjects [number of subjects included, n = 24].
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Model 2 included baseline and post-FMT microbiome samples which resulted in the
exclusion of two subjects [n = 22]. Model 3 included baseline, post-FMT, and week 7 and
week 8 samples [n = 18], and model 4 included all timepoints up to week 14 [n = 16].
Each model was run using aggregated microbial abundances at different taxonomic
levels [e.g. species, genus, class, order]. To focus on highly predictive features, the RFC
models were wrapped within the Boruta feature selection algorithm.?3 The different
models were compared in terms of predictive ability by estimating area under the
curve [AUC] and F1 score from a leave-one-out cross-validation [LOOCV] scheme.
The most predictive model was run on the entire dataset to identify important taxa
associated with response via permutated importance calculations.># Finally, to derive
human interpretable rules on the bacterial abundance of the different taxa that best
discriminates between responders and non-responders, we passed the RFC modelling
results to the Stable and Interpretable Rule Set [SIRUS] pipeline.3®

Statistical analysis

Continuous variables are presented as mean with standard deviation [SD] or as median
with interquartile range [IQR] depending on the normality of the underlying distribution.
Baseline characteristics were compared using an independent sample t-test or Mann-
Whitney U-test, and paired variables were compared using a paired sample t-test or
Wilcoxon signed-rank test. Categorical variables are presented as a total percentage
and compared by using the chi-square test or Fisher's exact test. A p-value of <0.05
was considered significant for all tests. All statistical analyses other than those on
engraftment scores were performed using SPSS v.25.0.

Ethical consideration

This research project was reviewed and approved by the Medical Ethical Committee in
the LUMC, with reference number NL 65976.098.18. Informed consent was obtained
from all participants prior to inclusion in the study. The study was conducted in
accordance with the principles of the Declaration of Helsinki. The study was registered
in the Netherlands Trial Register, with reference number NL9858.
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Results

From May 7, 2019 to October 27, 2020, 24 patients were enrolled and treated. The
study timeline is summarized in Figure 2. The median age of enrolled patients was
42 years [33.0-57.5] and 50% of patients were male. The median UC disease duration
was 13.5 years [5.5-20.3]. The baseline median full Mayo score was 7 [5-9] with a
median faecal calprotectin level of 944 ug/g [369-1719]. Although more patients in
the budesonide pretreatment group had used anti-TNF therapy in the past [eight vs
two; p < 0.05] this was not observed with respect to concomitant treatment in the
study [Table 1].
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Total engraftment of donor microbiome

To assess engraftment, one total engraftment score was computed from the weighted
sum of three engraftment metrics: SEI, SEF, and Aitchison similarity of recipient
microbiome to that of the donor following FMT. The relationship between each metric
and donor, pretreatment, week 10 response, and week 14 response are reported
in Supplementary Figures 1-4. Engraftment was calculated during FMT treatment
[Acute Engraftment, Weeks 4-7; indicated in Figure 2], following treatment [Durable
Engraftment, Weeks 8-14], and over the entire study [Overall Engraftment].

First, budesonide pretreatment was not associated with a higher total engraftment
score [p > 0.5, Figure 3A], as compared with placebo. Further, none of the individual
engraftment metrics showed a difference in engraftment between patients pretreated
with budesonide or placebo [Supplementary Figure 1].

Second, we compared the total combined engraftment scores for patients who received
FMT from donor DO7 to those with FMT from donor DO8 [Figure 3B]. Donor DO7 was
associated with higher total engraftment at all studied time frames [p < 0.04], which
was driven by a higher SEF [Supplementary Figure 2B] and higher Aitchison similarity
[Supplementary Figure 2C]. The median SEI was not different between donors D07
and D08 [p > 0.05; Supplementary Figure 2A]. To ensure the budesonide impact
on engraftment was not trumped by the donor difference, two-way ANOVAS were
performed on acute, durable, and overall engraftment outcomes taking into account
both pretreatment and donor assignment. The effect of budesonide pretreatment
on engraftment remained insignificant in the acute, durable, and overall time
windows [p=0.3,p=0.5, p=0.3, respectively] while the effect of donor remained
significant given the patient’s pretreatment status [Acute p = 0.02, Durable p = 0.01,
Overall p = 0.01, respectively, Figure 3E].

Clinical outcomes

The partial Mayo score did decrease from 5.69 [1.0] at baseline to 4.38 [1.3] after
3 weeks of pretreatment with budesonide, and in the placebo group the partial Mayo
score did decrease from 5.64 [1.2] to 4.82 [1.7] after 3 weeks [no significant difference
between groups].

At week 10, 42% [10/24] achieved clinical remission, 8% [2/24] achieved partial remission,
and 50% of the patients [12/24] had no clinical response or progressive symptoms.
Pretreatment with budesonide was associated with a non-significant higher response
rate compared to placebo [8/12 vs 4/12 patients, p = 0.5] and donor randomization
[p = 0.8]did not influence the clinical Mayo score at week 10 [Table 2].
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Figure 3. Total engraftment of donor microbiome. To test for an association between bacte-
rial engraftment and pretreatment, donor, or clinical response, we first calculated a single engraft-
ment score, combining metrics using species abundance, number of species, and species com-
position. We then used the weighted sum of these three metrics as the total engraftment score.
[A]l Impact of pretreatment on engraftment, [B] impact of donor, [C] association with response at
week 10, [D] association with response at week 14, [E] impact of pretreatment while controlling
for donor, and [F] association of response at week 14 with engraftment while controlling for
donor. Donor D07 is correlated with higher acute, durable, and overall engraftment [p < 0.05].
All other associations were not significant [p > 0.05]. Panels A-D show p-values from Wilcoxon
rank sum exact tests, while panels E and F show p-values from two-way ANOVA; panel E shows
values dependent on the pretreatment variable [p-values for donor variable: Acute p =0.022;
Durable p =0.011; Overall p = 0.016], and panel F shows values dependent on response [p-values
for donor variable: Acute p = 0.018; Durable p = 0.0201; Overall p = 0.024]. Acute = 1 week after
each FMT; Durable = 2-8 weeks after final FMT; Overall = from 1 week after the first FMT up to
2 months after FMT.
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At week 14, 38% [9/24] of patients achieved combined clinical and endoscopic remission,
4% [1/24] achieved partial remission, and 58% [14/24] had no response. Of the ten FMT
responders at week 14 [partial remission or remission], four patients were pretreated
with placebo versus patients with budesonide [p = 1.0]. Of note, at week 14, there was
a donor-dependent effect, with 80% [8/10] of the responders receiving donor material
from D08 compared with 20% [2/10] receiving donor material from D07 [p < 0.05, Table
2]. The 14 non-responders were treated with budesonide [n = 2], prednisolone [n = 4],
anti-TNF-a [n = 2], or chose themselves not to start a new induction therapy [n = 3].
Three patients were admitted to the hospital due to worsening of their complaints, and
responded well on intravenous prednisolone and anti-TNF-a.

Table 2. Overview of clinical outcomes and the effect of pretreatment and donors in
the [partial] responder group.

Week 10 p-value Week 14 p-value
Clinical outcomes [n]
No response 50% [12/24] 58% [14/24]
Partial remission 8% [2/24] 4% [1/24]
Clinical remission 42% [10/24] 38% [9/24]
[Partial] remission” N=12 N=10
Pre-treatment [n] 0.508 1.0
Placebo 4/12 4/10
Budesonide 8/12 6/10
Donors [n] 0.828 <0.04
D07 5/12 2/10
D08 712 8/10

“The effect of pretreatment/donors in the [partial] responder group.

N =number of patients.

Quality of life

In the responder group [n=10], the median score of the EQ-5D-5L increased
significantly at the end of the study compared to baseline, independent of pretreatment
[see Supplementary results]. However, assessment of changes in quality of life in non-
responders was unfortunately not possible, as some of them did not complete study
follow-up due to progressive symptoms.

Adverse events

In total, 24 adverse events were observed [Table 3]. Of these, 16 events were listed
as possibly related to FMT, such as abdominal cramps after infusion and constipation.
Eight events were registered as not related to FMT, including: high blood pressure and

108



Faecal microbiota transplantation in patients with active UC

high glucose level that were considered incidental findings and were treated by the
general practitioner, weight gain that was attributed to cessation of smoking at the
same time, stasis of food in the stomach resulting in the postponement of FMT by
1 week, and pain in a foot which was treated with paracetamol. Two cases of anaemia
were attributed to ongoing inflammation and were treated with iron supplementation.
None of the adverse events mentioned in Table 3 led to hospitalization.

Influence of total engraftment on clinical response

Clinical response was not associated with higher total engraftment. Total engraftment
did not differ between responders and non-responders at week 10 or week 14 [Figure
3Cand D; all p > 0.05], although there was a trend towards more engraftment in
responders at week 10 [p = 0.25]. Separate engraftment metrics were also not found
to differ between patients with a good clinical response and those with no response
[Supplementary Figures 3 and 4]. To test whether the association between engraftment
and response might be donor-dependent, a two-way ANOVA was used [Figure 3F].
This test yielded no significant correlation between response and engraftment [Acute,
Durable, and Overall all p > 0,2], but only confirmed the significant donor-effect [Acute,
Durable, and Overall p <0.02].

Table 3. Overview of adverse events®.

Related to FMT [n = 16] N Not related to FMT [n = 8] N
Borborygmus 2 High blood pressure 1
Abdominal cramps 5 Increasing weight 1
Increase of stool frequency 2 High glucose level 1
Vomited after infusion 2 Stasis of food in stomach 1
Constipation 3 Flu-like complaints 1
Nausea 2 Anaemia 2

Stinging pain in foot 1

FMT = faecal microbiota transplantation, N = number.

“None of the adverse events resulted in hospitalization.

Taxonomic associations with FMT response

RFC modelling was used to predict the binary response versus non-response for
each patient as a function of the bacterial relative abundance at different time points
and aggregated at different taxonomic levels [Supplementary results]. The models
considering just baseline samples [Model 1], or samples collected at baseline and
during the FMT administration [Model 2], were not found to be predictive of response
[Supplementary Figure 5A]. We selected the two models with higher classification
accuracy [i.e. Model 3 and Model 4 both at genus-level aggregation] [Supplementary
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Figure 5A] to inspect microbiome signatures that are predictive of response. Model 3
considers time points up to week 8, and Model 4 considers time points up to week 14.
In both models, the abundance of several genera belonging to Clostridia clusters IV and
XIVa [e.g. Roseburia, Dorea] or Bacteroidales [e.g. Bacteroides, Coprobacter] post-FMT
[Week 8-10, 2-4 weeks after the final FMT] or during FMT dosing [e.g. Roseburia FMT
2] were highly predictive of response [Supplementary Figures 5B and C]. Similarly, both
models also found that the abundance of Dialister immediately following FMT to be
discriminatory. In addition, for Model 4, five of the nine highly prognostic predictors
of response involved enrichment in abundance of Clostridia members [Eubacteriales:
Agathobaculum, Lawsonibacter, Roseburia, Tyzzerella, Phascolarctobacterium] at
weeks 7-10 [1-4 weeks after the final FMT, Supplementary Figure 5B]. Similarly,
Model 4 found the enrichment in Coriobacteria representatives [e.g. Enorma] at
weeks 10-14 to be highly discriminatory between responders and non-responders.
SIRUS analysis to gather human-interpretable rules for both models found the
enrichment in Dialister immediately following FMT to be strongly predictive of no
response [Supplementary Figure 6]. Conversely higher colonization by Roseburia [for
both models], Coprobacter [for Model 3, Supplemental Figures 5B and 6A]
or Phascolarctobacterium [Model 4, Supplemental Figures 5C and 6B] to be strongly
indicative of response.

Microbiota community differences among FMT donors

Although donors D07 and D08 were both found to contain high abundances of
bacterial families [i.e. Bacteroideceae and Akkermansiaceae] with presumed clinical
benefit to UC patients and low in presumed antagonistic bacterial families [i.e.
Prevotellaceae and Enterococcaceae, Figure 1], the faecal microbiome of the two
rationally selected donors were distinct [Figure 4]. Specifically, the donors differed
significantly from each other in terms of richness, measured as number of observed
species [D0O7 =280; D08 = 220; p < 0.005, Figure 4A] and as evenness measured
as Shannon Diversity [D07 =4.3; D08 =3.89; p <0.03, Figure 4B]. Moreover,
stool samples clustered by donor, with the overall community structure showing
statistically significant differences [PERMANOVA p = 0.001, Figure 4C]. The D07 stool
microbiome samples had greater Prevotella, Slackia, Paraprevotella, Asaccharobacteria,
and Desulfovibrio. Collectively, these five genera comprised 0.9-9% of the total
microbial composition of samples originating from DO07. These genera were
largely absent in D08 samples with only Desulfovibrio detected in five samples
at <0.06% abundance. In contrast, the D08 microbiome samples contained
Enorma, Faecalimonas, Erysipelatoclostridium, Phascolarctobacterium, Fournierella,
and Massiliomicroiota [Figure 4C]. Collectively, these six genera comprised 0.4-1.3%
of the overall microbial composition with a median total relative abundance of the six
genera collectively of 0.6%. Erysipelatoclostridium was the only genus of the six detected
in any DO7 samples, where it was detected in one sample at 0.04% abundance.
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Figure 4. Microbiota community differences among FECBUD FMT donors. Differences
in microbial diversity between D07 and D08 samples as number of observed species [A] and
Shannon index [B] demonstrate that DO7 has higher diversity than DO8 [p < 0.03]. Thirteen donor
samples from DO7 and 14 samples from D08 were collected between June 2017 and July 2019.
[A] Microbiota community differences between D07 and D08 samples as clusters [C] were sig-
nificantly different by PERMANOVA [p = 0.001].

Discussion

In several randomized controlled trials, microbiota transplantation has been described
as a promising induction treatment strategy for patients with UC.'” However, the
optimal selection of donors and patients, and the correlation between engraftment
of donor microbes and clinical outcomes is not yet known. In this small, randomized
study, overall response or remission after FMT treatment was 42%, which appears
similar to previous studies.'®"! After budesonide pretreatment, the engraftment of
donor microbiota and clinical response appeared slightly higher, but these effects
were not statistically significant. Also, total engraftment did not predict treatment
response significantly. However, our study confirmed the previous observation of a
donor-dependent effect of FMT in patients with UC.

A number of studies suggest that FMT success is dependent on the microbial diversity
and composition of the stool donor, leading to the proposition of the existence of
FMT super-donors.2® In our study, two donors were rationally selected based on
their microbiota profile, the ability to induce Tregs, and the capacity to produce
SCFAs invivo. The selected donors had high abundance of bacteria within the families
Clostridiaceae, Bifidobacteriaceae, Ruminococcaceae, and Lachnospiraceae, all known
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as important components of the gut commensal bacteria in healthy people,7 and
Akkermansiaceae, which has been shown to provide additional benefit in UC.%? In
addition, the selected donors had low abundance of Prevotellaceae compared to all
other donors considered for the study, as in IBD mouse models colonization with
Prevotellaceae seems to be detrimental.!® Surprisingly, we observed a significant
difference in efficacy between those two donors, in favour of donor D08 that showed
lower Treg induction in germ-free mice compared to DO7. FMT preparations from this
donor induced clinical remission in 80% of patients. Similarly, Moayyedi et al. found one
donor with significantly higher response rates than other donors, with a remission rate
of 39% in recipients who received FMT preparations of the successful donor."" Of note,
the total number of species and the species diversity in our clinically more effective
donor were lower. This agrees with recently published observations by Podlesny et
al?” and thereby questions whether microbiome diversity of donors predicts clinical
outcome, as suggested previously.?%3 These findings also suggest that selecting FMT
donors based on in vitro, microbiome community, or animal model data alone may
be insufficient to predict FMT clinical response in patients with IBD. Therefore, more
research isolating and identifying bacterial strains responsible for mediating response
is required to provide more consistent results for microbiome-mediated therapies in
UC patients.

The engraftment of the donor microbiota can be predicted from the abundance of
bacteria in the donor and the pre-FMT patient,®”3® and is thereby considered as an
informative endpoint in FMT studies. However, quantifying the degree of bacterial
engraftment is not standardized and the factors that promote engraftment of individual
strains remain elusive.® A study by Rossen et al. demonstrated that engraftment of
donor species contributed to the success of FMT, since responders who received
allogenic faeces had greater similarity to their donor’s microbiota.'” More recently,
the results of the comprehensive meta-analysis by laniro et al. suggests that higher
donor strain engraftment is associated with improved clinical outcomes across a
variety of clinical indications but not per indication,*® whereas the results of another
comprehensive meta-analysis did not determine an association.*! Podlesney et
al. found that the role of engraftment and clinical outcomes is probably disease-
dependent and suggested that IBD patients rather benefit from targeted FMT strategies
with the goal to induce engraftment of specific donor species or strains instead of
maximizing overall engraftment.?’” Each meta-analysis reassessed engraftment from
metagenomes collected in clinical trials in various disease indications, specifically
analysing sample ‘triads’ consisting of donor and pre- and post-FMT samples from
recipients. This highlights how, even when using strain-level tracking, there is still
considerable heterogeneity in outcomes and dependence of strain tracking and
modelling methodologies.*> Additionally, interpretations of results may be hampered
due to considerable variability in study methodologies of FMT trials in IBD, including
number of individual donors and their relationship to the patient, FMT delivery
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method, frequency of and time intervals between FMT treatments, use of antibiotic
pretreatments, and differences in primary endpoint definitions.'® To study engraftment
in our relatively small randomized controlled trial, we used three different metrics to
provide insights into the displacement of recipient microbiota by donor, the diversity
of donor-derived species engrafting, and the recipient’s exposure to donor strains
during and after FMT treatment. By combining these three measures we represent
different facets of engraftment in one comprehensive metric. All outcomes in the
total engraftment score are similar to those observed in the separate analyses,
demonstrating that in the current study population, total engraftment is not predictive
of reaching a state of remission in UC regardless of the calculation method. Although
we think our methods take into account the major concepts of engraftment processes
and provide a robust result, we cannot exclude the possibility that other engraftment
metrics may correlate better with UC remission. In our pilot study, we did not find a
significantly higher total engraftment in patients with a good clinical response after FMT
and pretreatment with budesonide did not affect engraftment. More interestingly, we
found lower total engraftment in the patients treated by a donor who was associated
with better clinical outcomes. This suggests that overall bacterial engraftment may not
be the sole indicator for clinical success, but that specific bacteria may be involved in
the observed clinical effects of FMT in patients with UC.?® However, the sample size of
this study as well as the resolution of taxonomic assignment are notable limitations.
For instance, strain-level tracking of donor and recipient microbiomes may facilitate
greater differentiation between recipient- and donor-originating taxa.>’

Taxonomic associations were further investigated with RFC modelling and we found
that the abundance of several genera belonging to Clostridia clusters IV and XIVa were
most predictive of response, which is consistent with previous studies.'>** Health-
associated Clostridia, and their produced metabolites, appear to promote several
innate and adaptive anti-inflammatory phenotypes in vivo** and are associated with
reduced inflammatory responses in humans.*> Remarkably, our analysis also identified
that a high abundance of Dialister immediately following FMT was predictive of non-
response. Interestingly, this genus was found at higher abundance at baseline in the
non-responder individuals, which agrees with multiple studies observing that higher
abundance of Dialister correlates with inflammation or with failed response to anti-
IBD therapies in humans.*® However, models that relied on baseline microbiome
composition alone were not predictive of response. Overall, these associations could
guide a first step towards further research into targeting key [isolated] bacteria and
donor-patient matching, which may ultimately result in a personalized FMT treatment
approach.

Limitations apply to the present study. First, the number of patients was relatively small

and the difference in clinical response between the two rationally selected donors led
to an unbalanced dataset and hindered the comparison between treatment arms. Also,
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patients randomized to budesonide pretreatment had significantly more often been
treated with anti-TNF-a therapy in the past, which suggests that those patients had a
more complicated course of UC prior to study participation. This precludes a definite
conclusion regarding the presumed beneficial effects of anti-inflammatory treatment
prior to FMT. Furthermore, 3 weeks of budesonide 9 mg has limited anti-inflammatory
potential, and may not suffice to show a difference in engraftment between treatment
groups. Therefore, an effect of pretreatment or induction therapy on FMT donor
engraftment cannot convincingly be excluded. Finally, a standard method to assess
engraftment still remains to be determined, which means that conclusions should be
interpreted considering limitations of the applied method to assess engraftment. Still,
although this was a pilot study with a small group of patients, this study provides new
insights into the use of FMT for IBD and may help the design of future FMT trials for
patients with UC.

In conclusion, in our small randomized study, pretreatment with 3 weeks of budesonide
did not significantly influence engraftment of donor microbiota and engraftment was
not associated with clinical outcome. However, a significant donor-dependent effect
of FMT in UC was seen, where caution is advised when interpretating this results,
with the small number of patients included. Interestingly, patients treated with FMT
suspensions from the donor who was associated with clinical response had lower
engraftment, suggesting that response might be related to specific microorganisms
instead of overall engraftment. Future studies must address the optimal selection of
both patients and donors, the timing of FMT, and the combination of FMT with certain
immunosuppressants.
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The study was registered in the Netherlands Trial Register, with reference number
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