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Abstract

Background: Fecal microbiota transplantation (FMT) is a promising new strategy in the treatment of Inflammatory
Bowel Disease, but long-term delivery systems are lacking. This randomized study was designed as a safety and feasi-
bility study of long-term FMT in subjects with mild to moderate UC using frozen, encapsulated oral FMT (cFMT).

Methods: Subjects were randomized 1:1 to receive FMT induction by colonoscopy, followed by 12 weeks of daily
oral administration of frozen encapsulated cFMT or sham therpay. Subjects were followed for 36 weeks and longitude-
nal clinical assessments included multiple subjective and objective markers of disease severity. Ribosomal 165 bacte-
rial sequencing was used to assess donor-induced changes in the gut microbiota. Changes in T regulatory (Treg) and
mucosal associated invariant T (MAIT) cell populations were evaluated by flow cytometry as an exploratory endpoint.

Results: Twelve subjects with active UC were randomized: 6 subjects completed the full 12-week course of FMT plus
cFMT, and 6 subjects received sham treatment by colonic installation and longitudinal oral placebo capules. Chronic
administration of cFMT was found to be safe and well-tolerated but home storage concerns exist. Protocol adher-
ence was high, and none of the study subjects experienced FMT-associated treatment emergent adverse events.
Two subjects that received cFMT achieved clinical remission versus none in the placebo group (95% Cl=0.38-infinity,
p=0.45). cFMT was associated with sustained donor-induced shifts in fecal microbial composition. Changes in MAIT
cell cytokine production were observed in cFMT recipients and correlated with treatment response.

Conclusion: These pilot data suggest that daily encapsulated cFMT may extend the durability of index FMT-induced
changes in gut bacterial community structure and that an association between MAIT cell cytokine production and
clinical response to FMT may exist in UC populations. Oral frozen encapsulated cFMT is a promising FMT delivery
system and may be preferred for longterm treatment strategies in UC and other chronic diseases but further evalu-
ations will have to address home storage concerns. Larger trials should be done to explore the benefits of cFMT and
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to determine its long-term impacts on the colonic microbiome. Trial registration: ClinicalTrials.gov (NCT02390726).
Registered 17 March 2015, https://clinicaltrials.gov/ct2/show/NCT02390726?term=NCT02390726&draw=2&rank=1.
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Background

Inflammatory bowel disease (IBD) is a complex chronic
inflammatory disease of the gastrointestinal tract, and
includes both Crohn’s disease (CD) and ulcerative coli-
tis (UC). While the pathophysiology of IBD remains
incompletely understood, these disorders are charac-
terized by immune dysregulation resulting in immune-
mediated damage to the alimentary tract. Alterations
in the gut microbiota (dysbiosis) have been observed,
and are implicated as a key regulatory event in the dis-
ease process [1-4]. Most current therapeutic strategies
target the immune response directly, but these thera-
pies are associated with high cost and significant risk
of adverse events [5, 6]. Modification of the microbial
environment by fecal microbiota transplant (FMT)
offers an alternative approach that could indirectly
influence the host immune system in a safe and less
costly manner [7].

EMT is highly efficacious for treating recurrent and
refractory Clostridium difficile infections, often requir-
ing only a single administration of alternative microbes
and resulting in significant and sustained microbial
changes in the gut microbiota [8—10]. In four recently
published randomized controlled trials that include a
total of 277 patients, FMT has demonstrated early clin-
ical promise as a safe, cost effective treatment strategy
in a subset of UC patients [11-14]. However, all of these
studies included multiple endoscopic or enema-based
administrations, raising concerns about the generaliz-
ability and long-term feasibility of these approaches.

Recently, oral FMT formulations have shown prom-
ise for the treatment of recurrent C. difficile infection,
demonstrating equivalent clinical efficacy as well as the
ability to induce sustained microbial changes in the gut
[15-17]. These novel oral cFMT formulations may offer
a path forward in the development and widespread
applicability of live microbial therapeutics for the treat-
ment of UC and other chronic diseases.

The objective of this preliminary investigation was to
investigate the safety and feasibility of using at-home
frozen, encapsulated FMT (cFMT) following FMT
induction by colonoscopy as a novel, long-term main-
tenance strategy in the treatment of UC. We also inves-
tigated the ability of this novel treatment regimen to
induce significant and durable microbial changes utiliz-
ing 16S-based compositional analysis, and we assessed

if there were longitudinal changes in T cell populations
utilizing multicolor flow cytometry.

Methods

Study design

This was a single center, double-blinded, placebo-con-
trolled, randomized control trial intended to investigate
the safety and feasibility of performing induction FMT
by initial colonoscopic infusion followed by 12 weeks of
ambulatory oral maintenance therapy with frozen FMT
capsules (cFMT). The study protocol was approved by
the Institutional Review Board at the University of Ver-
mont (UVM) and the UVM Medical Center (UVMMUC)
Committee on Human Research in the Medical Sciences
(CHRMS) (Additional files 1, 2, 3, 4). All participants
provided written informed consent. The study was reg-
istered on ClinicalTrials.gov (NCT02390726) under and
FDA Investigational New Drug number (IND 16395).
After acquisition of all samples, all authors had access
to the study data and reviewed and approved the final
manuscript.

Study subjects

Adult subjects were recruited through the IBD Center
at UVMMC, or by tertiary or quaternary referral. Study
subjects were required to have an established diagno-
sis of UC, with inflammation extending proximally to at
least the recto-sigmoid junction. Subjects with proctitis
only were excluded. Subjects were required to be on sta-
ble doses of UC-specific medications for at least 6 weeks
prior to screening, including anti-TNFa, oral immu-
nomodulators, oral and topical 5-ASA, and methotrex-
ate; cortico-steroid use was excluded. A baseline total
Mayo score between 4 and 10, with an endoscopic Mayo
subscore > 1, rectal bleeding subscore> 1, and stool fre-
quency subschore>1, was required for participation.
Asymptomatic subjects or those with severe, refractory
disease (defined as a Mayo score > 10, or an endoscopic
subscore > 3) were excluded, as were patients with a
known infectious cause of colitis or exacerbation of base-
line symptoms. Patients with a history of colectomy, doc-
umented gastrointestinal motility disorder, limited life
expectancy (<12 months), pregnancy, lactation, severe
immunodeficiency or a history of anaphylaxis were also
excluded. Subjects did not use antibiotics within 6 weeks
or probiotics within 4 weeks prior to enrollment. After
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trial commencement, eligibility criteria were changed to
not allow probiotics usage within 1 week prior to enroll-
ment in order to increase recruitment; this change was
not expected to undermine the scientific integrity of the
study. All study visits and data collection were performed
at UVMMC.

Randomization, blinding and sample size calculation
Eligible subjects were randomized 1:1 by a computer-
generated randomization list maintained off-site at
OpenBiome (Cambridge, MA) to ensure concealment of
allocation and double blinding. The treatment allocation
was blinded to the subject, and all on-site investigators
and staff. As a pilot feasibility trial, the primary objective
of this study was to gain early data on safety and feasibil-
ity of longterm cFMT maintenance therapy therefore the
target sample size of this study was determined by clini-
cal availability of willing, eligible subjects, and not based
on a formal sample-size calculation.

Baseline assessments

Baseline characterization of participants utilized vali-
dated measures of UC activity including the Inflamma-
tory Bowel Disease Questionnaire (IBDQ) and the Mayo
symptom score [18, 19]. Endoscopic and histologic dis-
ease activity was recorded at week O prior to FMT induc-
tion and fecal calprotectin levels obtained.

Donor stool

In order to limit FMT microbial variability and account
for any potential FMT donor effect [20], all donor mate-
rial was derived from two healthy stool donors selected
for high (top quintile, 11.11 mmol/g and 12.67 mmol/g
stool) butyrate production, as measured by gas chroma-
tography. The short chain fatty acid butyrate has been
shown to promote regulatory T cells differentiation and
epithelial barrier function [21-24]. In order to mitigate
other donor-specific effects, two donors with this phe-
notype were included in the treatment regimen of all
subjects. Donors were rigorously screened by a universal
stool bank (OpenBiome, Somerville, MA, USA) and stool
allocated to each subject was shipped to the study site
frozen on dry ice and maintained at — 20 °C prior to use.

Antibiotic pretreatment

Subjects in both arms of the study were pretreated with
antibiotics (ciprofloxacin 250 mg PO 12 and metroni-
dazole 500 mg PO 8 x 7 days) for 7 days prior to FMT
(or placebo) procedure. This regimen was chosen for its
ability to disrupt luminal microbial communities prior to
FMT and to promote microbiota reprogramming [25].
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Fecal microbiota transplantation induction

and maintenance therapy

Each subject in the active treatment arm received fecal
material derived from a single donor as induction
therapy, delivered by colonoscopic infusion (120 mL
at a concentration of 1 g of stool/2.5 mL) following
standard bowel preparation. Twelve-week mainte-
nance therapy consisted of an alternating schedule of
the same two pre-defined donors at a dose of 1 daily
550uL FMT capsule (~0.5 g of stool). Capsules were
distributed in 4-week increments, transported on dry
ice and maintained in subject’s freezers. Subjects were
instructed to follow strict guidelines regarding main-
tenance of capsule temperature and to not transfer the
capsules between freezers, meaning that they could not
spend > 24 h away from home during the dosing period.
A daily medication adherence log was maintained and
monitored at follow-up visits. Subjects allocated to the
placebo arm were given sham colonoscopic infusion
and sham capsules designed to visually resemble fecal
material.

Clinical outcomes

Clinical follow-up was performed at 4, 8, 12, 18 and
36 weeks with endoscopic and histopathologic evalu-
ations performed at 0 and 12 weeks. Endoscopic and
histologic scorings were performed by a single gastro-
enterologist and surgical pathologist blinded to treat-
ment allocation. Pinch biopsies obtained from the
worst affected mucosal surface as determined endo-
scopically were immediately fixed in 10% formalin and
underwent routine tissue processing. Histologic scor-
ing was performed using the Geboes grading system
for IBD-associated disease activity [26]. Additional
measures of clinical and endoscopic (IBDQ, Mayo
and UCEIS scores), as well as inflammatory response
(serum CRP, fecal lactoferrin, and fecal calprotec-
tin) were recorded longitudenally. Clinical remission
was defined as a modified Mayo Score <2 at 12 weeks
including a rectal bleeding (RB) subscore equal to 0,
stool frequency (SF) subscore equal to 0 or with at least
a one point decrease from baseline to achieve a SF sub-
score <1, and an endoscopic sub-scores of < 1. Clinical
response was defined as a decrease in the total Mayo
score (SF, RB, physical global assesment, and endo-
scopic Mayo scores) from baseline of >3 points with a
RB subscore of 0 or 1, or a decrease in the RB subscore
of 1 point or more. Adverse events (AEs) were assessed
by phone call 24 h following induction, at four clinic
visits (weeks 4, 8, 12, and 18) and again by phone call at
36 weeks. AE severity and relatedness were assessed by
clinical staff blinded to treatment assignment.
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Stool microbiota analysis by 16S sequencing

Subject stool samples were obtained weekly throughout
the study period, beginning prior to antibiotic pretreat-
ment and ending at 18-weeks follow-up. Study sub-
jects were provided with home stool collection kits and
instructed to collect samples weekly at roughly the same
time of day. Stool collection vials contained RNALater
and remained at room temperature during specimen
transport. Upon reciept, samples were stored at —80 °C
until processing. DNA extraction was performed using
the MoBio Powersoil 96 kit with minor modifications
and 16S rRNA gene libraries targeting the V4 region
of the 16S rRNA gene were prepared. Each sample was
given a unique reverse barcode and replicates were then
pooled, cleaned and normalized prior to sequencing
on an Illumina MiSeq 300. Raw sequence reads were
then processed and OTU calling performed using the
Qiime2—dada2 pipeline. Measures of microbial alpha
diversity (Shannon index) and beta diversity (Jensen-
Shannon divergence) between subjects and donor sam-
ples, and to their own baseline samples, were calculated.

Immunologic profiling of peripheral blood T cells

Dynamic evaluation of lymphocyte subpopulations and
cytokine production was performed in subjects at base-
line and at weeks 4, 8, and 12 during the maintenance
period. Control peripheral blood from healthy individu-
als without gastrointestinal disease and/or immunode-
ficiency (n=10) were obtained at a single time point.
Peripheral blood mononuclear cells (PBMC) were iso-
lated via Ficoll gradient centrifugation, and cell staining
protocols optimized to assess TCRafp (CD4+ and CD8+)
subsets. Special attention was paid to mucosal associated
invariant T cells (MAIT), defined herein as TCR af+
CD4+ MRI1+, and T regulatory cells (TCRap+ CD4+
CD25M), Intracellular cytokine production (IENy, IL-10
and IL-17A) was measured by flow cytometry following
5 h of ex vivo stimulation with phorbol myristate acetate
and ionomycin. Details of cell processing and staining are
provided in the supplementary material. Immunopheno-
typing was performed with a flow cytometer FACS LSRII
(BD Biosciences, San Jose, CA) using fluorochrome-
labeled monoclonal antibodies (TCR af3 (AF 488), CD45
(AF 700), CD8 (BUV395), CD4 (BV510), CD13 (PE/Daz-
zle), CD25 (BV650), hMR1 (NIH tetramer facility APC,
5-OP-RU 2017-04-07, Atlanta, GA), IL-17A (BPerCP/
Cy5.5), IL-10 (PE/Cy7), IEN-y (PE). Data were analyzed
with FlowJo software (v 10.4.1, Tree Star, Inc., Ashland,
OR).

Statistical analysis
Relative risks were computed for clinical endpoints
(remission and response). Due to the small sample size,
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exact 95% confidence intervals were obtained using a
score statistic and Fisher’s exact test was used to deter-
mine p values for each comparison. Adverse events were
compared using a modified intention to treat analysis to
include all subjects receiving at least one study treatment.
Differences, including in AE frequency, were compared
by Student’s ¢-test or Fisher’s exact test. A mixed model
analysis was applied to longitudinal values and paired ¢
tests used for within-group comparisons of continuous
variables and McNemar’s chi square test was used for
categorical variables. For descriptive statistics, means
and standard deviations were computed for continuous
variables and proportions were computed for categori-
cal variables. Between-group comparisons were con-
ducted using two-sample ¢ tests for continuous variables
and Fisher’s exact test for categorical variables. These
analyses were conducted using SAS version 9.4 (Cary,
NC: SAS Institute Inc.) and Prism software (version 7.0a;
GraphPad Software, San Diego, CA). Differences with p
values <0.05 were considered significant.

Results

Patient characteristics

From February 2016 to September 2017, 154 UC patients
were assessed for eligibility, and ultimately 15 subjects
were recruited and randomized. Desipite an initial tar-
get enrollment of 20 subjects, enrollment was termi-
nated early due to difficulties in recruiting local patients
who met all inclusion and exclusion criteria. Of the 15
recruited subjects, 7 individuals were randomly assigned
to the FMT and 8 to the placebo arm. Three subjects (1 in
the FMT and 2 in the placebo group) did not meet endo-
scopic criteria for inclusion (Mayo score>1) and were
excluded from the study (Fig. 1). The remaining 12 sub-
jects (6 in each group) received at least one dose of study
treatment. While all 6 subjects allocated to the FMT arm
completed all treatments and follow-up assessments, 1
patient in the placebo group dropped out at 6 weeks due
to worsening disease. The two study groups exhibited
comparable baseline demographic and clinical character-
istics (Table 1).

Safety evaluation

Among study subjects that received at least one dose
of active or placebo therapy, adverse events possi-
bly or probably related to FMT were few (4 total) and
were equally distributed between groups (2/6 vs 2/6;
p=1.00) (Table 2). The only serious adverse event
was a worsening of disease activity, which occurred in
one subject from each group. Both of these subjects
required escalation of therapy (prednisone taper) dur-
ing the treatment period (at 6 and 4 weeks following
initial FMT, respectively). Mild adverse events included
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Assessed for eligibility
(n=154)

Enrollment

Allocation

Follow up

Analysis

Excluded (n =139)

Not meeting inclusion criteria

(n =139

Randomized (n =15)

Allocated to Intervention
(n=7)

Received allocated
intervention (n =6)

Did not receive allocated
intervention (n =1)
e No endoscopic
evidence of
disease/screen fail

Received allocated
intervention (n = 6)

Did not receive allocated
intervention (n = 2)

Allocated to Placebo
(n=28)

® No endoscopic
evidence of
disease/screen fail

Lost to follow up
(n=0)

Discontinued intervention

(n=0)

Discontinued intervention

(n=1)

Lost to follow up
(n=0)

e  Worsening
symptoms of disease

Analyzed (n =6)

Excluded from analysis
(n=1)
o FExcluded from
protocol due to no
evidence of disease

Analyzed (n = 6)

Excluded from analysis
(n=2)
o FExcluded from
protocol due to no
evidence of disease

Fig. 1 CONSORT diagram showing the flow of subjects through the study. Following randomization, but prior to administration of designated
intervention, 1 subject in the treatment group and 2 subjects in the placebo group had no evidence of disease upon endoscopic evaluation and
were excluded from the remainder of the study
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Table 1 Baseline subject demographics

Variable Group
Active Placebo

N 6 6
Age Mean (SD) 41 (15) 52 (15)
Sex #(%) Male 4 (67%) 3 (50%)
Duration UC Mean (SD) yrs 8.9 (9.1) 9.8(10.6)
BMI* Mean (SD) 24 (3) 29 (4)
Treatment with biologic #(%) yes 2 (33%) 1(17%)
Fecal calprotectin Mean (SD) 573(659) 408 (277)
Total Mayo score Mean (SD) 6.3(2.0) 6.7(1.2)

Mayo symptom subscore Mean (SD) 48(1.5) 43(1.0)

Mayo endoscopic subscore  Mean (SD) 1.5(0.8) 2.3(0.5)
Endoscopic UCEISA score Mean (SD) 7.0(1.8) 85(1.8)
Histologic Severity Score** Mean (SD) 34(1.2) 43(2.0)
IBDQAA total score Mean (SD) 1428 (16.8) 120.2 (25.1)

IBDQ bowel system subscore  Mean (SD) 4.2(0.7) 43(0.9)

Baseline clinical characteristics of subjects randomized to both the active FMT
and placebo study arms

*Body Mass Index
**Geboes Score
AUlcerative Colitis Endoscopic Index of Severity

AAInflammatory Bowel Questionnaire

nausea (36 h prior to colonoscopic delivery of placebo
material) and fever (24 h following FMT). Notably, this
febrile patient also reported fever 24 h prior to the ini-
tial FMT procedure, making causality uncertain. No
infectious complications occurred.

Frozen FMT capsules were distributed to subjects
in 4-week allotments (28 pills). cFMT capsules were
maintained in home freezers for a total of 84 doses per
subject. Medication adherence logs revealed strong
adherence with <1% of missed doses across both arms
(9/1008); however, many subjects expressed frustra-
tion regarding the strict study guidelines imposed to
ensure capsule temperature stability, particularly travel

Table 2 Adverse events by treatment assignment
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restrictions. No subjects undertook over-night travel
during the 12-week dosing period.

Clinical and histologic outcomes

At baseline, no significant differences in histologic or
endoscopic scoring were detected between the two
groups (Table 1). Per subject longitudenal clinical out-
come data is provided in Fig. 2. At 12-week follow-up, the
mean endoscopic UCEIS score decreased from 7.0+ 1.8
to 6.2+2.3 in the FMT group and from 8.0 (1.4) to 7.6
(1.8) in the placebo group (p=0.60). The mean histo-
logic Geboes score decreased from 3.4+1.2 to 2.3+2.4
in FMT-treated subjects, and from 4.0+2.1 to 3.8+£2.0
in the placebo group (p=0.28). Fecal calprotectin levels
decreased from 573+659 to 298 +428 in FMT-treated
subjects, and from 413+309 to 3694309 in the pla-
cebo group. The difference in change of fecal calprotectin
between the two groups approached statistic significance
(p=0.08). Alternatively, mean CRP levels increased in
both groups, from 4.3+7.3 to 10.12+10.43 in the FMT
group and from 8.1 £10.1 to 10.65+11.31 in the placebo
group with no difference in the proportion of subjects
with levels>0 mcg/g noted between groups (p=1.0).
While this study was not powered to predict a clinical
response, per subject and per groupvalues for markers
of clinical and physiologic disease activity are presented
for informative purposes (Tables 3, 4). In total, two of
six (2/6) subjects (subjects E, and W) in the FMT group
achieved clinical remission versus none (0/6) in the pla-
cebo group (RR=infinity; CI: 0.38-infinity; p=0.45) and
three of six (3/6) subjects (E, W, P) in the FMT group met
the study definition of clinical response versus one (1/6)
in the placebo group (subject B) (RR=3.00; CI: 0.42—
21.20, p=0.55). It is worth noting that the FMT subject
(subject P) who met the definition of clinical response
but not remission, required steroid therapy in the mid-
dle of the intervention period (week 6), making any attri-
butions of clinical improvement to FMT difficult. FMT
subjects achieving clinical remission (E, W) were con-
sidered “FMT responders” for the purposes of additional

Adverse events FMT (n=6) Placebo (n=6) p value
AE possibly or probably related to FMT or sham FMT, n (%) 2/6 (33) 2/6(33) 1.0

AE type and severity, n (%)

Nausea, mild 0 1 (50) 1.0
Fever, mild 1 (50) 0 1.0
Worsening disease, severe 1(50) 1(50) 1.0

Adverse events by treatment group that were possibly or probably related to FMT
Comparisons were made by Fisher’s exact test
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C-Reactive Protein (mg/L); Calprotectin (mcg/g) and Lactoferrin (positive/negative) were measured in stool

exploratory analyses, including both immunologic and
microbiota-based investigations. Representative photo-
micrographs of biopsy samples from an FMT-responder
and non-responders obtained before and after treatment
are shown in Fig. 3.

Placebo subjects exhibited inconsistent changes over
time, with no clear improvements in symptomatology
or clinical evidence of disease. Four of six (66%) placebo
subjects required escalation or adjustments in their phar-
macologic treatment regimens: one (subject I) at week 4
(this subject dropped out of the trial at this point) and the
other 3 study subjects at the end of the treatment period
(weeks 12 and 13).

Longitudinal phenotyping of peripheral blood T-cells
Baseline T cell populations of interest were first com-
pared between UC subjects and healthy controls. The fre-
quency of total lymphocytes obtained following PBMC
separation, as well as the CD4:CDS8 ratio, were similar
between groups. T regulatory cell frequencies were also
similar (mean of 3.12%+0.41 in UC patients vs. a mean
of 3.42% £ 0.54 in controls) with comparable proportions
positive for IL-17A and IL-10. No T regulatory cells were
IENy+. The frequency of mucosal-associated invariant T
(MAIT) cells was decreased in UC patients (0.62% +0.15
vs. 1.67%£0.46) and IL-17A positivity occurred almost
exclusively in UC-derived MAIT cell populations
(3.42£1.27 vs. 0.1759+0.09). Alternatively, IFNy secre-
tion was increased in MAIT cells from healthy controls
(46.97 +7.15 vs. 24.16 £6.01), (Fig. 4).

T cell populations were examined before FMT, and
then at weeks 4, 8, and 12 during the cFMT mainte-
nance period. By week 4, the frequency of total PBMC

lymphocytes and CD4:CD8 T cell ratios increased
in the majority of FMT non-responders, while vari-
able changes were observed placebo subjects. One nota-
ble exception was subject F who showed a prominent
decrease in CD4:CDS8 ratio through week 8, after which
a reverse dynamic to baseline occurred. Longitudinal
frequencies of T regulatory and MAIT cell populations
remained relatively constant across groups. By week 4,
IL-17A+MAIT and IFNy+MAIT cells decreased in
EMT responders, remained suppressed through week 8,
and then returned to baseline by week 12. The number
of subjects is insufficient to evaluate the statistical signifi-
cance of these observed changes.

Intestinal microbiota analysis by 16S sequencing

Relative abundances

Across all time points, stool samples were dominated
at the phylum level by Firmicutes, and Bacteroidetes,
which accounted for 88.90% of all sequence reads. Bac-
teria present at lower proportions included Proteobac-
teria, and Actinobacteria, accounting for 6.9% and 4.0%
of total reads, respectively. At the genus level, samples
were dominated by Clostridiales and Bacteroidales, with
a lower proportion of Burkholderiales, Bifidobacteri-
ales, Selenomonadlaes, Enterobacteriales, Lactobacillales
observed at various time points. A strong antibiotic effect
was observed following a 7-day course of Metronida-
zole and Ciprofloxacin in all subjects. Changes included
a decrease in gram negative and anaerobic bacteria of
the Firmicutes and Bacteroidetes phyla and an increase
in gram positive Actinobacteria, including from the
genus Bifidobacteriales, and Lactobaccilales Fig. 5. This
effect was associated with a decrease in alpha (Shannon)
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Table 4 Changes in clinical, endoscopic, and histologic evidence of disease by group
Variable Group Screen or procedure 12 week [12 wk]-[BI] P value*
CRP Active #(%) >0 2 (33%) 4(67%) 2 (33%) 0.16
Placebo #%)>0 2 (40%) 3 (60%) 1 (20%) 0.32
Active-Placebo 1.00
Fecal calprotectin Active Mean (SD) 573 (659) 298 (428) — 275 (246) 0.07
Placebo Mean (SD) 413 (309) 369 (309) —44(90) 0.34
Active-Placebo —231(185) 0.08
Fecal lactoferrin Active #(%) positive 7 (100%) 4(67%) 0 (0%) -
Placebo #(%) positive 6 (75%) 5 (100%) 0 (0%) -
Active—Placebo -
Endoscopic UCEIS score Active Mean (SD) (1.8) 2.3) —08(1.7) 0.29
Placebo Mean (SD) 8) —04(0.5) 0.18
Active-Placebo —04(1.3) 0.60
Endoscopic Mayo score Active Mean (SD) 1.5(0.8) ) 0(0.6) 1.00
Placebo Mean (SD) 2204) 2 0(0) -
Active—Placebo 0(0.5) 1.00
Mayo symptom score Active Mean (SD) 0(1.5) 35(3.2) —15034) 033
Placebo Mean (SD) ) 40 —0.2(1.1) 0.70
Active—Placebo —1.3(26) 044
Histology (Geboes Score) Active Mean (SD) ) —1.1014) 0.11
Placebo Mean (SD) 0 ) —02(1.0) 063
Active-Placebo —-09(1.2) 0.28
IBDQ bowel system Active Mean (SD) 0.7) (1.4) 1.001.6) 0.19
Placebo Mean (SD) 2) 0.6 (0.7) 0.11
Active-Placebo 03(1.3) 0.67
IBDQ emotional health Active Mean (SD) 9) 0.9 (1.6) 0.23
Placebo Mean (SD) 04(04) 0.09
Active-Placebo 0501.2) 0.53
IBDQ systemic systems Active Mean (SD) (1.2) 9 (1.0) 0.5(2.0) 0.53
Placebo Mean (SD) 42(1.1) 6 (0 0.5(0.9) 031
Active—Placebo 0.0(1.6) 0.96
IBDQ social function Active Mean (SD) 5.0(0.5) ) 06(1.3) 027
Placebo Mean (SD) 2) ) 0.8(0.5) 0.02
Active-Placebo —0.2(1.0) 0.79
IBDQ total score Active Mean (SD) 1428 (16.8) 169.0 (34.0) 26.2 (48.4) 0.24
Placebo Mean (SD) 146.4 (26.1) 1634 (27.2) 17.0(14.4) 0.06
Active—Placebo 9.2 (37.3) 0.69

Calprotectin (mcg/g) and Lactoferrin (pos/neg) were measured in stool

CRP, serum C-reactive Protein (mg/L); Endoscopic UCEIS, Ulcerative Colitis Endoscopic index of Severy; Mayo symptom score includes subject-reported rectal
bleeding, stool frequency, and physician global assessment, IBDQ, Inflammatory Bowel Disease Questionairre

*For within-group comparisons, paired t tests were used for continuous variables and McNemar’s chi square test was used for categorical variables. Between-group
comparisons were conducted using two-sample t tests for continuous variables and Fisher’s exact test for categorical variables

diversity and increased divergence (Jensen-Shannon)
from baseline. While these changes were mitigated by
the cessation of antimicrobials, neither group returned to

their own baseline by 18-week follow-up (Figs. 6, 7).

Alpha and beta diversity

No difference in alpha or beta diversity was observed
between treatment groups at baseline (Fig. 6). FMT did
not increase alpha (Shannon) diversity in recipients but
did lead to community-level changes in the gut microbi-
ota creating measurable similarity (beta diversity, Jensen-
Shannon divergence index) between FMT subjects and
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FMT Responder (E) FMT Non-Responder (N) Placebo (Y)
Pre-FMT Post-FMT Pre-FMT Post-FMT Pre-FMT Post-FMT
(day 0) (day 84) (day 0) (day 84) (day 0) (day 84)

Geboes 3.1 0.1 4.3 5.2 5.1 5.1
UCEIS 6 4 10 7 8 8
Fecal

Calprotectin| 285 0 >1000 >1000 286 360
IBDQ 123 215 141 200 149 153

bowel disease questionnaire (scale ranging from 32 (worst) to 224 (best))

Fig. 3 Histologic, endoscopic and clinical parameters of a representative FMT responder (E), non-responder (N), and placebo subject (Y) before and
after treatment. Hematoxylin—eosin staining of intestinal mucosa highlight acute and chronic changes and are accompanied by Geboes score (0,
structural change only; 1, chronic inflammation; 2, lamina propria neutrophils; 3, neutrophils in epithelium; 4, crypt destruction; and 5, erosions or
ulcers), 2x, insets at 20x, scale bar, 50 um; UCEIS, Ulcerative Colitis Endoscopic Index of Severity; fecal calprotectin (mcg/g), and IBDQ, inflammatory

their donor. This convergence, which we termed ‘Donor
Divergence Index, remained statistically significant
through 8 weeks of dosing (p<0.01) and although los-
ing significance (p=0.16), could still be detected at week
20, >8 weeks following cessation of oral cFMT therapy
(Fig. 7).

Discussion

FMT is a promising new therapy that may alleviate the
microbial dysbiosis observed in IBD. Practical dosing
strategies, however, are needed to test and opptimize
the clinical efficacy of long term FMT-based treatment
strategies. The goal of the current study was to evaluate
the safety and subject tolerance of a treatment plan that
involved colonoscopic FMT followed by maintenance
treatments of daily cFMT. In this small prospective, ran-
domized controlled trial, we found daily oral FMT to
be extremely well tolerated with stronge adherence to
the treatment plan. Only very minimal side effects that
could be attributed to the treatment were detected, and
importantly, no infectious complications occured. Only
one other study is known to us in which daily cEMT was
trialed in the treatment of UC [27]. In it, 7 subjects took
25 frozen FMT capsules daily (~ 12 g of fecal matter) for
50 days in an open label trial design. As the authors did

not report on adverse events, this is the first study to our
knowledge to provide early evidence regarding the safety
and tolerability of cFMT in UC patients and despite the
small sample size, we feel that this study adds to the col-
lective knowledge base of FMT and provides early evi-
dence that oral capsule FMT formulations are safe and
without significant side effects in this patient population.

Of note, the logistical challenges presented by frozen
oral FMT capsules were considerable. Concerns regard-
ing freeze—thaw cycles incurred by patient transport,
home freezer conditions, and potential travel necessi-
tated the use of dry ice during transport, and strict travel
guidelines (no overnight travel). While our study popu-
lation managed to adhere to study guidelines, record-
ing<1% missed doses during the 12-week study period,
we believe that these issues are considerable enough to
challenge the practicality of real-world clinical use of fro-
zen FMT capsules for control of UC and other chronic
diseases. Moreover, temperature stable formulations
should be pursued. Lyophilized fecal preparations or
derived bacterial communities may offer viable solutions
[28].

While this study was not adequately powered to evalu-
ate the effects of treatment on clinical outcome, we pro-
vide additional data to assess the potential impact of
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Fig. 4 Longitudinal T cell profiling of subjects by flow cytometry and intracellular cytokine staining. a Representative gating scheme showing MAIT
cell identification and their cytokine production; b Frequency of total lymphocytes within peripheral blood mononuclear cell isolations and their
CD4:CD8T cell ratios. ¢, d Comparison of T regulatory and MAIT cell frequencies between UC patients and healthy controls (HC) with longitudinal
frequencies and INFy+, IL-17A+, and IL-10+ proportions displayed by treatment group and clinical response (black, placebo; red, non-responser;
green, responser). Each line is an individual subject. Controls are displayed with placebo results (C). Between-group comparisons were conducted
using two-sample t tests and p values < 0.05 considered significant

FMT on UC disease severity, including clinical, endo-
scopic, and histologic markers of disease. Of all the clini-
cal markers of disease included in this study, we found
fecal calprotectin levels to correlate well with a subject’s
clinical course while serum CRP levels were incon-
sistent. Additionally, our results suggest a divergent
clinical response to FMT may exist in which patients
separate into “responder” and “non-responder” pheno-
types. While varying clinical responses are difficult to
interpret in the context of a relapsing and remitting dis-
ease like UC, this observation is consistent with previous
reports suggesting that FMT efficacy may be limited to a
subset of UC patients [29]. What defines patient subsets
poised to respond favorably or not to FMT is of signifi-
cant importance. While our data are too small to assess
differences in baseline characterics between respond-
ers and non-responders, we noted that non-responders
tended to have more severe mucosal damange at baseline
as noted by increased histologic and endoscopic scores.

The immunomodulating effects of the gut microbiota are
well-established [30, 31] and, in the setting of increased
gross and microscopic mucosal ulceration, FMT may
have the capacity to induce uncontrolled and potentially
damaging mucosal inflammation secondary to bacte-
rial translocation and systemic immune activation [32,
33]. Targeting of UC patients with mild to moderate,
as opposed to severe disease may therefore be advanta-
geous. Future studies addressing this question are of
great interest.

Longitudinal phenotyping of peripheral T-cell popu-
lations provides additional insights into the differen-
tial clinical responses observed following FMT. While
small sample sizes preclude attribution or causality, this
report offers a rare window into the host T cell response
following FMT, particularly of T regulatory and MAIT
cells which have been previously shown to be altered in
UC patients [34-36]. Our data from peripheral blood
samples support the notion that MAIT cell populations
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traffic to the mucosal surface of UC patients where they
may modulate microbial stimuli [37-41]. The observed
decrease in IL-17A and IFNy MAIT cell positiv-
ity observed in subjects with improved clinical scores
further supports a potential role for MAIT cells in the
response of UC patients to FMT and warrants further
study. Ultimately, an enhanced understanding of the
defining clinical and immunological characteristics of
UC patients poised to respond favorably to FMT may
aid in moving FMT and other microbially-based thera-
pies forward.

FMT can significantly alter the gut microbiota of
recipients [9, 18]. We show that, by 2 weeks after FMT
induction, the gut microbiota of UC patients is highly
correlated with that of donors, and that these changes
persist up to 20 weeks. cFMT appears to reinforce the
donor convergence period, extending the currently
reported interval by 4 weeks [11-14]. It does not,

however, appear that the degree of donor correlation is
an indicator of positive FMT clinical effects as no dif-
ference in donor convergence was observed between
potential FMT “responders” and “non-responders” in
our small sample.

A disconnect between donor convergence and clinical
response has also been reported in individuals treated for
recurrent C. difficile. These patients demonstrate variable
patterns of donor microbial divergence following FMT
with little correlation to clinical outcome. This observa-
tion suggests that a more granular and complex under-
standing of FMT-induced microbial changes is desirable
[17, 42]. While the ultimate durability of FMT-induced
changes in the microbiota is unknown, studies in recur-
rent C. difficile patient populations have shown high
donor correlations to persist for greater than 1 year [9,
17]. The durability of FMT-induced microbial changes in
IBD populations is less well established. In prior studies
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using serial endoscopic or enema-based regimens, per-
sistent microbiota changes have been detected for up
to 16 weeks in UC patients [11-14]. The only report to
our knowledge of microbial changes following oral FMT
monotherapy in UC patients showed no differences in
alpha diversity nor evidence of donor convergence [27],
raising the possibility that large volume FMT induction
may be necessary to achieve initial community-level
donor convergence.

As a small pilot trial, this study was not powered to sta-
tistically demonstrate a difference in clinical outcome and
thus preliminary observations must be replicated in larger

trials. Despite its small size however, the observed changes
were consistent with previously published clinical stud-
ies and immunologic observations recapitulated those
of others [29, 36]. Future studies should evaluate the dif-
ferent FMT dosing ranges and regimens in the treatment
of UC in both induction and maintenance phase. Further
inquiry should also strive to include immune profiling data
from mucosal tissues at the site of disease activity to bet-
ter understand FMT-induced immunologic responses to
alterations in the colonic microbiome.
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Conclusions

Oral cFMT formulations are likely to gain acceptance
by some individuals as a therapeutic alternative in UC,
and may enhance the potential for longterm microbi-
ally-based treatment strategies. To date, scientific data
regarding the feasibility, safety and efficacy of these
regimens are lacking. This study provides initial evi-
dence that cFMT is a safe, and well-tolerated adjunctive
mechanism by which to support and extend FMT-
induced shifts in the gut microbiota of UC patients.
Future studies should address optimal dose and dos-
ing strategies of cFMT as well as temperature-stable
formulations.
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