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Encapsulated cyclosporine does not change the composition of
the human microbiota when assessed ex vivo and in vivo

Catherine O'Reilly’?3, Orla O'Sullivan'3, Paul D. Cotter'®, Paula M. O'Connor'?, Fergus Shanahan®4, Alan Cullen®, Mary
C. Rea™ Colin Hill??, Ivan Coulter® and R. Paul Ross?**

Abstract

Introduction. Management of steroid-refractory ulcerative colitis has predominantly involved treatment with systemic cyclo-
sporine A (CyA) and infliximab.

Aim. The purpose of this study was to assess the effect of using a colon-targeted delivery system CyA formulation on the com-
position and functionality of the gut microbiota.

Methodology. Ex vivo faecal fermentations from six healthy control subjects were treated with coated minispheres (SmPill)
with (+) or without (=) CyA and compared with a non-treated control in a model colon system. In addition, the in vivo effect of the
SmPill+CyA formulation was investigated by analysing the gut microbiota in faecal samples collected before the administra-
tion of SmPill+CyA and after 7 consecutive days of administration from eight healthy subjects who participated in a pilot study.

Results. Analysis of faecal samples by 16S rRNA gene sequencing indicated little variation in the diversity or relative abun-
dance of the microbiota composition before or after treatment with SmPill minispheres with or without CyA ex vivo or with CyA
in vivo. Short-chain fatty acid profiles were evaluated using gas chromatography, showing an increase in the concentration of
n-butyrate (P=0.02) and acetate (P=0.32) in the faecal fermented samples incubated in the presence of SmPill minispheres
with or without CyA. This indicated that increased acetate and butyrate production was attributed to a component of the coated
minispheres rather than an effect of CyA on the microbiota. Butyrate and acetate levels also increased significantly (P=0.05 for
both) in the faecal samples of healthy individuals following 7 days’ treatment with SmPill+CyA in the pilot study.

Conclusion. SmPill minispheres with or without CyA at the clinically relevant doses tested here have negligible direct effects on
the gut microbiota composition. Butyrate and acetate production increased, however, in the presence of the beads in an ex vivo
model system as well as in vivo in healthy subjects. Importantly, this study also demonstrates the relevance and value of using
ex vivo colon models to predict the in vivo impact of colon-targeted drugs directly on the gut microbiota.

INTRODUCTION bacteria in the gut [1]. Cyclosporine A (CyA) is a potent

Perturbations in the microbial balance and host immune
response in the gastrointestinal (GI) tract have been associ-
ated with the onset of inflammatory bowel disease (IBD),
including ulcerative colitis (UC). Genetic predisposition
in patients with IBD has been shown to cause a change in
the immune response involved in the host’s interaction with

immunosuppressant approved for use in solid organ trans-
plants to prevent rejection. It is a poorly soluble cyclic peptide
and is subject to metabolism by various cytochrome P450
enzymes that are mainly expressed in the small intestine and
liver [2]. It has been used off-label as a treatment for steroid-
refractory UC for the past 20 years [3]. Other uses for CyA
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include treatment of autoimmune disorders such as rheuma-
toid arthritis, psoriasis and Crohn’s disease. The therapeutic
guidelines recommend continuous i.v infusion of 2—-4 mg/
kg/day CyA followed by oral administration of 4-8 mg/kg/
day for up to 3 months [4]. Recent studies comparing CyA
and infliximab in patients with severe, i.v. steroid-refractory
UC demonstrated that CyA’s efficacy is comparable to that
of infliximab [5, 6]. The clear efficacy is counter-balanced by
the risk of severe adverse events related to systemic exposure.

As systemic cyclosporine absorption from the colon is
negligible [7], Sublimity Therapeutics developed a SmPill-
enabled, colon-targeted, multiple minisphere formulation
to deliver cyclosporine in a solubilized, and therefore active,
form. An initial randomized controlled study in patients with
mild-moderate UC demonstrated that 75 mg SmPill+CyA
administered once daily for 4 weeks resulted in superior effi-
cacy and comparable safety and tolerability when compared
to placebo [8]. A follow-on study in pigs that were orally
gavaged with ethylcellulose : pectin-based, SmPill-enabled
CyA formulations demonstrated high levels of CyA in the
colon accompanied with low systemic levels when compared
to other available CyA formulations [9]. The pig model
was used to monitor the release of CyA from the coated
minispheres in the GI tract and to optimize the encapsula-
tion design for increased efficiency. Based on this study, an
ethylcellulose-based, SmPill-enabled CyA formulation was
developed. In a pilot study in eight healthy subjects in which
a range of optimized SmPill+CyA doses was evaluated for
blood, colon luminal content and colon tissue concentra-
tions, it was demonstrated that 75 mg ethylcellulose-coated,
SmPill+CyA administered twice daily for 7 days resulted in
colon luminal concentrations that translated to colon tissue
concentrations comparable to those achieved following
continuous i.v. infusion at the known-to-be-efficacious
dose of 2 mg/kg/day (equivalent to 1M CyA). Importantly,
systemic exposure following administration of the optimized
SmPill+CyA across all doses tested was negligible. The CyA
concentration in colon luminal contents sampled using flex-
ible sigmoidoscopy in unprepared bowels was approximately
0.75 mg/ml [10]. With such low systemic exposure, it is not
expected that SmPill+CyA will be associated with systemic
adverse events, thus permitting long-term use of cyclosporine
as a treatment for patients with UC. The purpose of this study
was to evaluate the effect, if any, directly on the host micro-
biota within the human gut.

There is increasing interest in the effect of orally ingested
drugs on the human gut microbiota. Drugs used for the treat-
ment of IBD include sulfasalazine (SASP), 5-aminosalicyclic
acid (5-ASA), corticosteroids, immunomodulatory drugs
such as methotrexate (MTX), immunosuppressants such as
calcineurin inhibitors [including cyclosporine (CyA) and
tacrolimus], and anti-TNF-alpha antibodies such as inflix-
imab. Sulfasalazine is a classic example of the interaction of
the gut microbiota with orally administered drugs. Little is
known about the interaction of most of these drugs with the
gut microbiota. One of these drugs, however, sulfasalazine, is
a well-known example of how bacteria can interact with the
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drug and change its function. Sulfasalazine is a prodrug made
of sulfapyridine linked to 5-aminosalicyclic acid (5-ASA)
through an azo bond. Sulfasalazine is partially absorbed in
the jejunum after oral ingestion. The remaining drug passes
to the colon. It is here that it is reduced by coliform bacteria
through the bacterial azoreductase enzyme, yielding sulfapy-
ridine and 5-aminosalicyclic acid. Aminosalicyclic acid is the
active component that must be released from the compound
in order to treat the inflammation [11].

Drugs such as CyA, which have low permeability and poor
solubility, have, by design — particularly when designed to
be released in the colon — most contact with the host micro-
biota in the large intestine, as this is the site where both the
human microbiota and the colon-targeted drug load is most
concentrated. It is estimated that approximately 2000 bacte-
rial species populate the lower region of the GI tract and it
is here that the interplay with encapsulated drugs, prodrugs
and their conjugated metabolites largely occurs [12]. The gut
microbiota and the metabolites they produce significantly
affect the health of the host. For instance, short-chain fatty
acids (SCFAs) are end-products of the fermentation of undi-
gested carbohydrates and protein by the gut microbiota in the
large intestine and play a fundamental role in human health
and disease [13]. The most dominant SCFAs (90-95%) in the
colon are butyric acid (butyrate), propionic acid and acetic
acid. Butyrate is a major energy source for intestinal epithelial
cells and plays a role in the maintenance of gut barrier func-
tion [14].

The aim of this study was to assess the effect of encapsulated
CyA in SmPill minispheres on the diversity and relative
abundance of the gut microbiota in an ex vivo colon model
and in healthy subjects who participated in a 7-day pilot
study. As such, we wanted to know whether there could be
a microbiota effect that contributed to the in vivo efficacy of
the treatment. We also investigated the production of SCFAs
butyrate, propionate and acetate by the gut microbiota in the
ex vivo model system in the presence of coated minispheres
(SmPill) with (+) and without (—) CyA. We then assessed
the effect of encapsulated CyA, using coated minispheres
(SmPill)+CyA, on the levels of various metabolites and SCFAs
in faecal samples from healthy human subjects, before and
after participation in a 7-day pilot study. Ex vivo and in vivo
results were compared to determine the efficacy of using an ex
vivo colon model to study the effect of orally ingested drugs
on the microbial communities of the GI tract.

METHODS

Subject recruitment for ex vivo faecal fermentation
study

Six healthy volunteers of varying ages (23-62years) and
genders (two male and four female) provided fresh faecal
samples on the day of the experiment. Subjects were in good
general health and had not taken antibiotics in the previous
6 months. This work was performed in compliance with APC
Ethics Protocol 055.
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Fermentation protocol

Fermentations were carried out using the MultiFors fermenta-
tion system (Infors UK), as follows: 20% faecal slurry was
prepared from faecal samples from the individual donors
under anaerobic conditions by suspending the faecal samples
in preboiled and anaerobically cooled 50mM phosphate
buffer, pH 7.0, containing 0.05% cysteine (Sigma Aldrich,
Wicklow, Ireland). One hundred and sixty millilitres of the
faecal medium, prepared according to Fooks et al. [15], was
added to each of three fermentation vessels. Anaerobic condi-
tions were established by sparging the fermenters with oxygen-
free nitrogen for at least 3h prior to inoculation with 40 ml
of the faecal slurry. The vessels contained (i) faecal medium,
faecal slurry and 1.5 g coated SmPill minispheres (Sublimity
Therapeutics Ltd, Dublin, Ireland) without CyA (minispheres
—CyA), (ii) faecal medium, slurry and 1.5g coated SmPill
minispheres with CyA [minispheres +CyA (10% w/w)] and
(iii) faecal medium and slurry only (non-treatment control,
NTC). Fermentations were conducted anaerobically at 37°C
for 24h at pH 6.8, with stirring at 200 r.p.m. Samples were
taken at 0, 5, 9, 20 and 24 h for CyA quantification and at 0
and 24 h for Miseq compositional sequencing.

Quantification of CyA by high-performance liquid
chromatography (HPLC)

Samples from the faecal fermentations (2 ml) were centri-
fuged for 60s at 21000 g, filtered using a 0.45uM filter
and a 0.2 uM filter, and quantified using HPLC as detailed
below. CyA (0.375 mg/ml) in 70% acetonitrile was diluted
10-fold with 70% acetonitrile to generate a working standard
of 0.037 mg ml™". The standard (50 ul) was injected onto a
Proteo Jupiter (250x4.6 mm, 90 A. 4pm) RP-HPLC column
(Phenomenex, Macclesfield, UK) with an 88-93% acetonitrile
0.1% triflouroacetic acid (TFA) gradient where buffer A is
0.1% TFA and buffer B is 90% acetonitrile, 0.1% TFA. CyA
elutes at 10 min or 90.5% acetonitrile, which equates to 81.5%
acetonitrile. Each sample (50 ul) was run in triplicate and the
CyA concentration (mg/ml) was calculated from the area of
the standard.

Bacteroides strains and growth conditions

The growth of three Bacteroides sp. was tested in vitro in the
presence of uncoated minispheres with (+) and without (-)
CyA (0.75 mg/ml; equivalent to colon luminal concentration
following administration of 75 mg SmPill+CyA twice daily
for 7 days) and in growth medium alone. Minispheres that
lacked the ethylcellulose and pectin polymer coating (referred
to here as uncoated minispheres) were used to enable rapid
release of the CyA to the growth medium. The Bacteroides
strains (Bacteroides distasonis, Bacteroides dorei and Bacte-
roides fragilis) were maintained long-term at —80°C in 30%
glycerol/brain heart infusion (BHI) medium (Oxoid Ltd,
Hampshire, UK) with 0.5% (w/v) yeast extract (Oxoid Ltd,
Hampshire, UK) (BHIYE). Prior to use, the strains were
streaked onto trypticase soy agar (TSA; Becton, Dickinson
and Co., Sparks, MD, USA) and incubated anaerobically at
37°C for 48 h. Subsequently, one colony was inoculated into

856

BHIYE broth and grown overnight anaerobically at 37 °C.
SmPill uncoated minispheres +/—CyA were added to the
BHIYE, such that the final concentration of CyA was 0.75
mg/ml. BHIYE without uncoated minispheres or CyA served
as the negative controls. The medium was inoculated at 1%
with an overnight culture of each strain and incubated with
shaking at 200 r.p.m. under anaerobic conditions at 37 °C for
48h. After incubation a sample from the media was serially
diluted and spread plated onto bile esculin agar (BEA) prior
to incubation for 48 h anaerobically at 37 °C. After incubation
the colonies were counted and the results expressed as colony
forming units (c.f.u.)/ml

Participant recruitment for pilot study

Faecal samples were obtained from eight healthy volunteers
(male/22-55) who participated in a pilot clinical study. The
participants were administered CyA encapsulated in coated
Smpill minispheres and faecal samples were taken at the
beginning (day 0; before treatment) and at the end (day 7) of
the trial. Samples were stored at —80 °C until required. Ethical
approval was obtained by Sigmoid Pharma (SP) (protocol no:
CYC 102).

Microbial DNA extraction, 16s rRNA gene
amplification and Illumina MiSeq sequencing

In the ex vivo study, samples (1 ml) were taken from each
fermentation vessel at 0h and 24 h and snap frozen at —80°C
for DNA extraction. In the pilot study, 300-400 mg of each
frozen faecal sample was taken for DNA extraction from
samples taken before treatment (day 0) and after treatment
(day 7). The faecal DNA MiniPrep kit (Zymo Research,
Cambridge Bioscience, UK) was used for DNA extraction
from all samples. The V3-V4 variable region of the 16S
rRNA gene was amplified from faecal DNA using the 16S
metagenomic sequencing library protocol (Illumina, Saffron
Walden, UK). Samples were quantified and libraries were
prepared for sequencing as described previously [16]. In brief,
for the 16SrRNA amplicon sequencing, two PCR reactions
were completed on the template DNA. Initially the DNA was
amplified with primers specific to the V3-V4 region of the
16S rRNA gene, which also incorporates the Illumina over-
hang adaptor (forward primer 5' TCGTCGGCAGCGTCAG
ATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG;
reverse primer 5 GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGACAGGACTACHVGGGTATCTAATCC). For
the second PCR, two indexing primers (Illumina Nextera
XT indexing primers, Illumina, Sweden) were added to allow
for demultiplexing. Samples were run on the Illumina Miseq
sequencer at the Teagasc Sequencing Centre, Moorepark,
Fermoy, Co. Cork, Ireland using the Miseq 500 cycle v2 kit,
following standard Illumina sequencing protocols.

Bioinformatic analysis of compositional sequencing
data

Raw Illumina 250 bp paired-end sequence reads were merged
using fast length adjustment of short reads to improve genome
assemblies (FLASH) [17] and quality checked using the
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Fig. 1. Release of cyclosporine A (CyA) from SmPill minispheres over time during 24 h fermentation in an ex vivo model. Each colour

represents an individual faecal sample.

split_libraries script from the QIIME package [18]. Reads were
then clustered into operational taxonomic units (OTUs) and
chimeras were removed with the 64-bit version of USEARCH
[19]. Subsequently OTUs were aligned and a phylogenetic
tree was generated within QIIME [18]. The minimum level
of sequence overlap used when merging the paired reads was
10bp. Reads were filtered at >Q20 Phred score. A 97% simi-
larity threshold was used for clustering OTUs. Singletons and
rare sequences were removed. Taxonomical assignments were
reached using the siLva 16S specific database (version 128)
[20]. Alpha and beta diversity analysis was also implemented
within QIIME, based on weighted and unweighted UniFrac
distance matrices. Principal coordinate analysis (PCoA) plots
were visualized using EMPeror —0.9.51 dev [21].

SCFA analysis of faecal fermentation samples

Gas chromatography with flame ionization detector (GC-
FID) was used to determine SCFA content. A 100 mM SCFA
stock solution (butyric acid, iso-butyric (ibutyric) acid,
propionic acid and acetic acid) was prepared from reagents
of the highest purity available (Sigma) with fresh deionized
water. Two-ethyl-butyric acid (2-ETBA; Sigma) was used
as the internal standard (IS). A 100mM stock solution of
2-ETBA was prepared with formic acid. A 10 mM working
solution of 2-ETBA and a 20 mM working solution of SCFA
mix was made up with deionized milliQ water. Standard solu-
tions containing 70.0, 60.0, 50.0, 40.0, 30.0, 20.0, 10-0, 8-0,
6-0, 4-0, 2-0, 1-0 and 0-5mM of acetic acid, propionic acid,
isobutyric acid and butyric acid were used for calibration of
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the instrument. Faecal fermentation samples that had been
snap frozen at —80°C were thawed and 2ml of each sample
was centrifuged at 16000 g for 5min. The supernatant was
then filtered through a 0.2uM filter. Thirty microlitres of
working IS (10 mM) was added in triplicate to 1.5 ml Eppen-
dorf tubes and 270 yl of filtered sample supernatant was then
added to each tube. The tubes were vortexed and centrifuged
at 16000 g for 3min. The supernatant was transferred to GC
vials containing an insert and sealed. SCFA concentration was
measured using a Varian 8400 GC flame ionization system,
and fitted with a ZB-FFAP column (30 mx0-32 mmx0-25 mm)
(Phenomenex, Macclesfield, UK) and a Restek Hydroguard
deactivation guard column (5m, 0.32mm ID). Helium was
used as the carrier gas at a flow rate of 1.3 ml/min. An initial
oven temperature of 50°C was held for 0.5min, raised to
140°C at a rate of 10°Cmin!, held for 0.5min for a total
of 10min and finally raised to 240°C at a rate of 20°C/min
and held for 12min to give a total run time of 27 min. The
temperature of the detector and injector was set at 300 °C.
Peaks were integrated by using the Varian Star Chroma-
tography Workstation version 6.0 software. Standards were
included in each run to maintain calibration.

Metabolite analysis of faecal samples from the
human pilot study

Preparation of faecal water

Four hundred milligrams of frozen faecal material was placed
into a sterile 2 ml microcentrifuge tube. Eight hundred micro-
litres of sterile water was added to the 2ml microcentrifuge
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tube, on ice. The sample was vortexed vigorously for 30s to
generate a slurry. Samples were then centrifuged at 12000 g
for 30 min at 4°C. The supernatant was removed and trans-
ferred to a new 2 ml microcentrifuge tube. This step was then
repeated. The supernatant was then centrifuged at 12000 g for
30min at 4°C. The supernatant was removed again and trans-
ferred to a new 2ml microcentrifuge tube. The supernatant
was then centrifuged again at 12000 g for 30 min at 4 °C. This
supernatant was transferred to a 0.2 uM costar spin-x centri-
fuge tube (Sigma) and filtered by centrifugation at 12000
g for 10min at 4°C. The filter was removed from the tube
and the faecal water was stored at —20°C for metabolomics
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testing. Samples were sent to MS-Omics ApS, Frederiksberg,
Denmark for analysis of metabolites including the SCFA.

Statistical analysis

Non-parametric Kruskal-Wallis and Mann-Whitney
U tests were performed in SPSS (version 24) to identify
significantly different bacterial taxa in the different groups.
Statistical significance was accepted as P<0.05, with adjusted
measures. To control for multiple testing, false discovery
rate (FDR)-adjusted g-values (¢<0.05) were calculated for
comparisons of taxa using the Benjamini-Hochberg method
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Fig. 3. (a) Relative abundance in operational taxonomic units (OTU)s (%)
of the phylum Bacteroidetes from each treatment group following 24 h
fermentation in an ex vivo model. Groups: non-treatment control (NTC);
minispheres with (+) CyA; minispheres without (-) CyA. (b) Butyrate
concentration in samples from the treatment groups following 24h
fermentation in an ex vivo colon model. Groups: non-treatment control
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[22] in GraphPad Prism 6.04. To minimize the number of
null hypotheses that had to be corrected for, OTUs that were
present in at least 50% of samples with a minimum of 0.1%
relative abundance were included in the analysis. Univariate
analysis of variance (ANOVA) and post-hoc Tukey tests were
performed using SPSS to determine the significant differences
between the groups for alpha diversity, SCFA and metabolites.
Statistical significance was accepted as P<0.05. Box plots were
created using GraphPad Prism 6.04.

RESULTS

The overall aim of this study was to investigate whether
cyclosporine had any effect on the human gut microbiota.
To achieve this, encapsulated cyclosporine was tested both
ex vivo and in vivo.

Measurement of CyA release from coated
minispheres during the ex vivo fermentation

The concentration of CyA released from the coated mini-
spheres, in the presence of a faecal inoculum prepared from
each of six healthy donors, was measured over 24h in the
fermentation system (Fig. 1). The results showed that the
release of CyA from the coated minispheres varied with the
donor inoculum, but the peak detection time across the six
donors ranged between 5 and 9h.
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The effect of CyA and coated minispheres on the faecal
microbiota in the ex vivo model

Following total DNA extraction from faecal samples taken
at 0 and 24 h during the ex vivo fermentation process, the
V3-V4 16S rRNA gene amplicons were generated and
sequenced using the Illumina MiSeq. A total of 9 747 625
reads passing the quality filter were obtained with an average
of 270 767 reads per sample. To determine if alterations in
microbial diversity occurred in the presence of coated mini-
spheres, +/—-CyA, diversity, richness and coverage estimations
were calculated for each dataset (alpha diversity) (Table SI,
available in the online version of this article). No significant
difference in alpha diversity occurred between the three
groups across six subjects. This was determined using Chao
1 (P=0.56), Simpson’s diversity index (P=0.23) and Shannon
index measurements (P=0.38). Beta-diversity, a term for
the comparison of samples based on the similarity of their
OTUs, was also measured. Beta-diversity was estimated
using distance matrices built from weighted and unweighted
UniFrac distances. PCoA was performed on the distance
matrices from the unweighted UniFrac distance matrices. The
data show that the samples cluster by subject, not by treatment
(Fig. S1). Sequence analysis revealed that Firmicutes (62 %),
Bacteroidetes (30 %), Actinobacteria (4 %) Proteobacteria (3
%) and Cyanobacteria (2 %) were the dominant phyla across
the six subjects at 0 h. Following 24 h fermentation, the treat-
ment groups +/—CyAand NTC samples shared common
phyla. No significant effect of minispheres +/-CyA on the
composition of the gut microbiota was observed after incuba-
tion for 24 h (Fig. S2).

Seventy-six family-level taxa were identified, of which 44 were
presentinatleast I subject, witha minimum relative abundance
of 0.1% or greater after 24h across the 3 treatment groups.
The most dominant families detected across all subjects and
treatment groups at 24 h fermentation were Lachnospiraceae,
Ruminococcaceae and Bacteroidaceae (Fig. 2). Treatment with
minispheres +/—-CyA did not have any effect on the relative
abundance of any of the families present, compared to the
NTC, and there were no significant differences observed
between the three treatment groups. Two hundred and
forty-two genera were identified, of which 133 were present
in at least 1 subject with a minimum relative abundance
of 0.1% or greater after 24h across the 3 treatment groups.
The most dominant genera detected across all subjects were
Bacteroides, Blautia, Faecalibacterium and Lachnospiraceae
(Fig. S3). While there was a slight decrease in the relative
abundance of Bacteroides after treatment with minispheres
+/—CyA, this was not significant. There was, however, a slight
decrease in Bacteroidetes phyla (not significant) in four out of
six subjects in the groups with minispheres +/-CyA (median
16%) compared to the NTC (median 22%) (Fig. 3a). Since the
phylum Bacteroidetes was the only one to be decreased in the
presence of the minispheres +/-CyA compared to the NTC,
the growth of three pure cultures of Bacteroides sp. that were
representative of the phylum Bacteroidetes was tested in vitro
in the presence of uncoated minispheres +/-CyA (0.75 mg/
ml) and growth medium alone. The impact on cell viability
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of the minispheres +/—CyA varied between species. While
there was no impact on the cell viability of B. fragilis after 48 h
incubation, there was a 2-log reduction in cell viability for B.
dorei in the presence of minispheres +/—CyA, indicating that
it was the minispheres that were impacting on the viability
of B. dorea and not the CyA. In contrast, there was a 1-log
reduction in B. distasonis when incubated at 37 °C for 48 h in
the presence of minispheres +CyA, but the minispheres alone
did not have any additional effect (Table S6).

The effect of CyA and coated minispheres on SCFA
production in an ex vivo colon model

SCFA production is an important beneficial function of the
microbiota and therefore we investigated whether CyA and
minispheres had an impact on SCFA levels. Butyrate, propi-
onate and acetate levels were assessed as they are the most
abundant SCFAs found in the colon. The concentration of
n-butyrate was significantly higher in samples with coated
minispheres +/—CyA compared to the NTC group (P=0.018),
as shown in Fig. 3b. The data indicate that increased n-butyrate
production is due to a component of the coated minisphere
rather than the effect of CyA on the microbiota. There were
increased acetate levels in the samples with minispheres (+/—
CyA); however, the increase was not statistically significant.
There was no significant change in the levels of isobutyrate
or propionate between the three treatment groups (Table S2).

The effect of CyA encapsulated in coated minispheres
(SmPill) on the faecal microbiota in healthy subjects
participating in a 7-day pilot trial

Faecal samples were collected from eight healthy subjects
who participated in the 7-day pilot study before and after
SmPill+CyA administration. Following total metagenomic
DNA extraction from the 16 faecal samples, the V3-V4 16S
rRNA gene amplicons were generated and sequenced using
the Illumina MiSeq. A total of 4 481 418 reads passing the
quality filter were obtained with an average of 280 089 reads
per sample. Diversity, richness and coverage estimations
were calculated for each dataset to determine if alterations in
microbial diversity occurred in the presence of SmPill+CyA.
No significant difference in alpha diversity occurred between
the before and after treatment samples across eight subjects
(Table S3). This was determined using Chao 1 (P=0.99),
Simpsons diversity index (P=0.84) and Shannon index
measurements (P=0.96). There was no significant difference
in beta diversity on the PCoA plots before and after treatment
with SmPill+CyA (P=0.95). The data show that the samples
clustered by subject and not by treatment. As in the faecal
ferment samples, the most dominant phyla were Firmicutes,
Bacteroidetes and Actinobacteria across all eight subjects
before and after treatment. There was no significant difference
in the distribution of any of the phyla before and after treat-
ment with SmPill+CyA after 7 days (Fig. S4). Seventy-nine
family-level taxa were identified, of which 39 were present
in at least 1 sample with a minimum relative abundance of
0.1% or greater. The most prevalent families detected across
all subjects were Lachnospiraceae, Ruminococcaceae, Bacte-
roidaceae Bifidobacteriaceae and Erysipelotrichaceae (Fig. 4).
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There was no significant difference in the relative abundance
observed before and after treatment in any of the families
present.One hundred and thirty-four genus-level taxa were
identified out of a total of 257 genera that were present in at
least 1 sample with a minimum relative abundance of 0.1%
or greater. The most dominant genera across all subjects
were Blautia, Faecalibacterium, Lachnospiraceae other,
Bifidobacterium, Agathobacter, Romboutsia and Bacteroides
(Fig. S5). There were no significant differences in the relative
abundance of any of these before and after 7 days’ treatment
with SmPill+CyA.

Effect of CyA encapsulated in coated minispheres
(SmPill) on the levels of metabolites in faecal samples
from healthy subjects participating in a 7-day pilot study
In vivo, the levels of n-butyrate, i-butyrate, propionate and
acetate in the faecal samples of eight subjects were assessed
before the start of the trial and after 7 days’ treatment. The
levels of i-valerate, hexanoate and pentanoate were also
measured (Table S4). Butyrate (P=0.05) and acetate (P=0.048)
were shown to increase significantly after 7 days’ treatment
with SmPill+CyA (See Fig. 5a, b). Thirty-three additional
metabolites and amino acids commonly found in human
faecal samples were identified (Table S5). There was a signifi-
cant increase in the concentration of linoleic acid after 7 days’
treatment (P=0.048) (Fig. 5¢) .

DISCUSSION

The liver is the primary site of xenobiotic metabolism and
biotransformation, but the way in which drugs are metabo-
lized can vary between individuals. Drugs with narrow
therapeutic windows and subject to extensive and variable
enzymatic metabolism, such as CyA, often require careful
systemic drug concentration monitoring to ensure that
patient-specific dosing regimens are implemented [23].
Metabolism of the drug starts at the intestinal level and can
have a significant impact on drug bioavailability, efficacy and
safety, given that the intestinal microbiota can contribute to
xenobiotic metabolism [12]. In addition, xenobiotic exposure
has the potential to alter the composition of the gut micro-
biota [12, 24]. The interaction between drugs and the gut
microbiota in the intestine can affect the rate of release of the
drug and absorption or uptake in the body.

There is an increasing demand to develop novel methods
to formulate poorly soluble drugs such that they withstand
release in the upper GI tract and are released in solubilized
form within specific regions of the intestine, such as the colon.
This is particularly relevant for drugs that specifically target
IBD. Therefore, the preferred outcome for a drug destined
for release in the lower GI tract is to successfully treat the
condition whilst having a beneficial effect or at the least a
minimal impact on the gut microbes. This study therefore
concentrated on determining the effect of SmPill+/-CyA on
the gut microbiota in an ex vivo model of the distal colon
that had been inoculated with stool samples from healthy
adults. Previous work by our laboratory using the same ex vivo
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colon model with a similar number of subjects has shown the
impact that antimicrobials such as vancomycin and metroni-
dazole have on the gut microbiota diversity and abundance
[25]. In addition, we measured the effect of a treatment-
appropriate SmPill+CyA dosing regimen (75mg BID) on
the gut microbiota in eight healthy subjects who participated
in a 7-day pilot study. While the number of subjects used in
both the in vivo and ex vivo studies were limited in these pilot
trials, we believe that overall we do see very good diversity in
microbiota composition and enough so to evaluate whether
cyclosporine would have any effect of magnitude. Indeed the
results from the in vivo study supported the findings of the
ex vivo work.

The rate of CyA release over time between donor inocula in
the fermentation vessels was found to vary. This may be a
consequence of CyA adhering to or entering the bacteria in
the biomass that is removed before HPLC quantification, or
may be due to CyA being metabolized differently depending
on the bacterial composition of the inoculum. CyA has been
shown to be highly stable in a colonic model [26] due to its
unique cyclic structure, N-methylation and high lipophi-
licity [27, 28] making it less prone to metabolism by colonic
bacteria. The CyA concentration in colon luminal contents
sampled using flexible sigmoidoscopy in unprepared bowels
of healthy subjects who were administered 75 mg twice daily
for 7 consecutive days was approximately 0.75 mg/ml. The
concentration range that we anticipated to measure therefore
was between 0.05 and 0.75 mg/ml, representing levels that
the bacteria would be exposed to in the human gut following
administration of SmPill+CyA. Although the concentration
of CyA released varied between subjects, sufficient levels of
CyA were measured across all vessels to obtain clinically
relevant colonic tissue concentrations.

CyA encapsulated in SmPill did not affect the alpha or beta
diversity of faecal microbiota in vivo in healthy human
subjects administered the drug for 7 days or in the ex vivo
fermentation conditions. In the ex vivo study, sequencing
analysis revealed that the phylum Bacteroidetes was slightly
decreased in the presence of minispheres +/—CyA when
compared to the NTC. The exposure of three pure cultures
of Bacteroides sp. to the minispheres +/-CyA revealed
variable responses in that the minispheres: B. dorei showed
reduced cell viability, while CyA decreased the viability of
B. distasonis, but neither the minispheres nor the drug
impacted on the viability of B. fragilis. In addition, CyA
had no inhibitory effect on pure cultures of Lactobacillus
or Bifidobacterium species that had been tested previ-
ously in our laboratory (data not shown). Therefore, the
impact of SmPill+CyA on Bacteroidetes abundance levels
is presumably influenced by the base levels and types of
Bacteroidetes members in the microbiota of each individual
prior to treatment.

Concentrations of the SCFAs butyrate, propionate and acetate
were measured at 0 and 24 h in the ex vivo model. Levels of
n-butyrate and acetate were shown to increase in the presence
of the SmPill minispheres +/-CyA, indicating that a bead

component, yet to be identified, was having an influence on
the gut microbiota.

The coating on the minispheres is ethylcellulose based. Ethyl-
cellulose is a plant-derived polysaccharide that can be broken
down by microbial carbohydrate-degrading enzymes such as
cellulases. Some cellulolytic strains that have been isolated
and characterized from human faeces include Ruminococcus
sp., Clostridium sp., Bacteroides sp. and Eubacterium sp. [29].
SCFAs are products of microbial fermentation of such indi-
gestible carbohydrates in the large intestine. A high propor-
tion of these SCFAs are absorbed by the host and are therefore
an important energy source to the host. It is estimated that
these SCFAs account for around 10% of the calories obtained
from the diet that otherwise would be excreted as undegraded
substrate in the faeces [29, 30].

Other health benefits of SCFAs include maintenance of gut
barrier function [14], protection against colorectal cancer
(CRCQ) [31, 32] and protection against obesity and insulin
resistance [33]. Butyrate reduces inflammation, inhibits
tumour cell progression, induces apoptosis, promotes colon
motility and increases visceral irrigation [31, 32]. The relative
abundance of other butyrate-producing bacteria that have
been suggested to be implicated in UC, such as Faecalibac-
terium prausnitzii and Roseburia sp., was also investigated in
this study, but no significant changes were observed either in
the ex vivo model or in vivo (data not shown). The increase
in butyrate concentration could be viewed as a favourable
outcome in terms of human health.

Conclusions

We observed that the concentration of encapsulated CyA
in the SmPill formulation (likely to be encountered by the
gut microbiota in vivo) did not impact on gut microbiota
composition when tested in both an ex vivo colon model
and an in vivo pilot study in healthy volunteers. CyA is an
immunosuppressant and we cannot rule out that its impact
on the host immune response could indirectly influence
the gut microbiota. However, our study revealed that some
component of the SmPill formulation (described previously)
significantly increased the concentration of n-butyrate, a
microbial metabolite with known positive attributes for host
health.

An initial randomized, controlled study in patients with
mild-moderate UC demonstrated that 75mg SmPill+CyA
administered once daily for 4 weeks resulted in superior effi-
cacy and comparable safety and tolerability when compared
to placebo.

The 7-day time period of the pilot study should have been
sufficient to see changes in the macro-composition of the
gut microbiota in this study (as we do observe with different
antibiotics), but it does appear to be sufficient to alter the
function of the microbes. We observed that the levels of
acetate, butyrate and linoleic acid were all increased (approxi-
mately doubled) following SmPill treatment. The results
from the compositional and SCFA analysis of the healthy
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human subjects correspond to the ex vivo faecal fermenta-
tion findings, suggesting that the ex vivo model is effective
for studying the impact of orally ingested drugs on the gut
microbiota. Moving forward with SmPill-encapsulated CyA,
future studies with a larger cohort will investigate the efficacy,
safety and tolerability across a range of doses in UC patients
in clinical trials.
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