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Abstract

Objective—Crohn’s disease (CD) is a chronic idiopathic inflammatory intestinal disorder
associated with fecal dysbiosis. Fecal Microbial Transplant (FMT) is a potential therapeutic option
for individuals with CD based on the hypothesis that changing the fecal dysbiosis could promote
less intestinal inflammation.

Design—Nine patients, ages 12-19 years, with mild to moderate symptoms defined by Pediatric
Crohn’s disease activity index (PCDAI of 10-29) were enrolled into a prospective open label
study of FMT in CD (FDA IND 14942). Patients received FMT by nasogastric tube with follow
up evaluations at 2, 6, and 12 weeks. PCDAI, C-reactive protein (CRP), and fecal calprotectin
were evaluated at each study visit.

Results—All reported adverse events (AE) were graded as mild except for one individual who
reported moderate abdominal pain after FMT. All AE were self limiting. Metagenomic evaluation
of stool microbiome indicated evidence of FMT engraftment in seven out of nine patients. The
mean PCDAI score improved with patients having a baseline of 19.7 + 7.2, with improvement at 2
weeks to 6.4 + 6.6, and at 6 weeks to 8.6 + 4.9. Based upon PCDALI, 7/9 patients were in remission
at 2 weeks, and 5/9 patients who did not receive additional medical therapy were in remission at
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week 6 and 12 weeks. No or modest improvement were seen in the patients who did not engraft or
whose microbiome was most similar to their donor.

Conclusion—This is the first study to demonstrate that FMT for CD may be a possible
therapeutic option for Crohn’s disease. Further prospective studies are required to fully assess the
safety and efficacy of the FMT in patients with Crohn’s disease.
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Introduction

A variety of human and animal data supports the hypothesis that Crohn’s disease is a result
of immune responses to the fecal microbiota in genetically susceptible individuals. Such
immune responses may alter the microbiota resulting in dysbiosis, which may further
promote inflammatory responses. Such dysbiosis in Crohn’s patients has been better defined
in recent years with the advent of non culturable techniques, such as 16s RNA sequencing
for the identification of species within the fecal microbiota. The dysbiosis in Crohn’s disease
has been characterized by depletion of commensal bacteria including members of Firmicutes
and Bacteroidetes, and a decreased abundance of class Clostridia including F. prausnitzii as
well as an increase in Proteobacteria, though the actual significance of these species based
alteration is only correlative and therefore is functionally unknown [1, 2] Numerous clinical
studies have attempted to modulate the fecal microbiome in order to decrease the
inflammatory immune response using prebiotic, probiotic, and antimicrobial therapy. The
results of these trials, however, have been mixed.

The possibility of modifying the human microbiome to alter dysbiosis via fecal microbial
transplant (FMT) was first reported by Eiseman et al. in 1958 in the treatment of fulminant
pseudomembranous enterocolitis.[3] Since then, many case reports and case series of fecal
transplantation were noted in the literature for treatment for Clostridium difficile (C.
difficile), constipation, irritable bowel syndrome, and inflammatory bowel disease, with
efficacy only proven for C. difficile toxin induced recurrent colitis. Fecal transplantation has
been described in patients as young as 2 years of age, to patients over 90 years of age. Given
the efficacy of this therapy in C. difficile infections, the American Gastroenterology
Association recently wrote a position paper on the use of fecal transplantation. In this article,
preparation, dosage, patient and donor workups are all reviewed.[4] To confirm the safety
and potential efficacy of FMT in Crohn’s patients we performed a prospective study of FMT
in pediatric Crohn’s disease.

Materials and Methods

This is a single center, open-label study designed to determine tolerability, preliminary
safety, and potential efficacy in pediatric patients with Crohn’s disease. Nine patients with
Crohn’s disease with mild to moderate disease symptoms as defined by a Pediatric Crohn’s
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Disease Activity Index (PCDAI)[5] between 10 and 29, aged 12 to 21 years were enrolled
into this study. Each participant was followed in the study for approximately 12 weeks.

The protocol was approved by the Institutional Review Board of Seattle Children’s hospital.
All patients/participants provided written informed consent or assent. Approval from the
FDA (investigational new drug number 14942) was obtained. The study was registered with
Clinical Trials.gov (number: NCT01757964). Study participants were recruited from Seattle
Children’s Hospital outpatient gastroenterology clinics.

All patients had a diagnosis of Crohn’s disease made by a primary gastroenterologist based
upon history, physical exam, laboratory/radiological studies and gastrointestinal histology.
All patients had mild to moderate symptoms with a PCDAI score between 10 and 29.
Parent/guardian and child consent or assent was obtained. Patient medication for
inflammatory bowel disease could not have changed for at least one month prior to FMT.
Patient exclusion criteria included active or history of intraabdominal abscess,
intraabdominal fistula, stricturing Crohn’s disease or other serious systemic disease. None of
the patients received TNF inhibitors prior to transplant. Patients were allowed to maintain
the use of other IBD medications including immunomodulators during the study.

Initial evaluation—Study participants had laboratory tests including complete blood count
(CBC) with differential and platelets, C - reactive protein (CRP), albumin, stool studies for
C. difficile, bacterial culture, ova and parasite. The American Association of Blood Banks
Donor History questionnaire was used to evaluate study participant donors. Study
participant donor laboratory studies included Hepatitis A 1gG and IgM, Hepatitis B serum
antigen, antibody and core antibody, Hepatitis C 1gG, Human Immunodeficiency Virus 1
and 2 IgG, Rapid Plasma Reagin and Ebstein Barr Viral 1gG and IgM, Cytomegalovirus IgG
and IgM, as well as stool testing for C. difficile, bacterial culture, and examination of stool
for ova and parasites. Study participant donors were not allowed to have antibiotics 3
months prior to procedure. Each patient had a single donor for transplant. The donor for
each patient was one of their parents.

Stool Transplantation—Study participant recipients received premedication prior to
fecal transplant, which included rifaximin 200 mg 3 times daily for 3 days until the evening
prior to procedure. Study participant recipients also received Omeprazole (1mg/kg orally) on
the day before and morning of the procedure. Transplant recipients also received 1 capful of
MiraLAX in 8oz of water 3 times a day for 2 days. A nasogastric (NG) tube was placed for
transplant and location confirmed by X-ray. Approximately 30 grams of donor stool was
mixed with 100-200 milliliters (ml) of normal saline and blended with a commercial blender
(Hamilton Beach Personal Blender, North Carolina, USA) at low speed for 2 — 4 minutes
until a homogenous texture was achieved. The stool was then filtered twice using 4x4 gauze.
Infusion was slowly administered via NG tube over a 3 minute period. The NG tube was
flushed with 15 ml of normal saline over 1 minute. After 15 minutes, the NG tube was
removed.
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Post Transplantation follow-up—Study participant FMT recipients were called 2 days
after transplantation and had clinical follow-up at 2, 6, and 12 weeks. Standardized
questionnaires and the Pediatric Crohn’s disease activity index (PCDAI) were completed
during each study visit. The PCDAI uses the patient history, laboratory values and the
physical exam to create a validated score of that individual’s disease activity. A PCDAI
score of < 10 denotes remission, 10-29 mild disease, and >= 30 moderate to severe disease
activity. Study participant recipients/patient’s families were provided diary cards to assess
possible side effects.

Statistical analysis

Descriptive statistics were prepared for all data including frequencies and percentages for
categorical variables (e.g., gender, disease location) and means, standard deviations,
quartiles, and ranges for quantitative variables (e.g., CRP, PCDAI). When lab measurements
were above or below the threshold for measurement, the threshold was imputed prior to
computing descriptive statistics.

Method section for microbiome

DNA Extraction

Total genomic DNA was extracted from stool using the PowerSoil DNA Isolation Kit
(MoBio, Carlsbad, CA). The protocol was customized to include two incubation steps (65°C
and 95°C for 10 min each) after the addition of lysis buffer (Solution C1). Additionally, the
provided garnet beads for mechanical disruption were substituted for 0.5 g of 0.1 mm
diameter Zirconia/Silica beads (BioSpec Products, Bartlesville, OK). Final DNA yield was
quantified using the Qubit 2.0 Fluorometer (Life Technologies, Carlshbad, CA) prior to NGS
library construction.

Metagenomic Sequencing

Sequencing was performed on either the Illumina HiSeq 2000 or MiSeq platform.
Sequencing libraries were constructed from genomic DNA using Illumina’s Nextera
technology (lllumina, Inc., San Diego, CA). Briefly, DNA preparations were simultaneously
fragmented and tagged with adapter oligomers. A limited-cycle PCR reaction amplified all
tagged fragments and added: 1) index sequences (the dual indexing strategy uses two 8-base
indices) to allow demultiplexing of sequence reads for pooled samples, and 2) sequencing
primer sequences. Following PCR enrichment, libraries were denatured and hybridized via
DNA/DNA binding of adaptors to existing features on a glass flow cell compatible with the
Illumina sequencers. Sequencing was performed using well-established, ultra-high
throughput methods. The HiSeq2000 produced approximately 200 million pairs of 93 bp
reads per lane, and we generated 25-30 million raw read pairs per sample using 7-8-plex
pools. The single lane of the MiSeq generated 15-20 million raw pairs of 150 bp reads per
sample.

Bioinformatics Analysis

Human DNA sequence was identified and removed using BMTagger19 (Rotmistrovsky, K.
and R. Agarwala, BMTagger: Best Match Tagger for removing human reads from
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metagenomics datasets. 2011: unpublished.) with the Hg-19 Homo sapiens reference
genome. Duplicate reads were marked and removed using EstimateLibraryComplexity, part
of the Picard tool package (http://picard.sourceforge.net/index.shtml). Sequence reads with
ambiguous bases were trimmed from each end. Reads with Phred quality scores less than 6
over the first 80 (HiSeq) or 120 (MiSeq) bases of each read and reads shorter than 80
(HiSeq) or 120 (MiSeq) bases after trimming were removed. Similarity scores were
calculated using Compareads using two kmers of length 30 nucleotides.[6] Sequences for all
samples were limited to between 20 and 30 million reads to maintain comparable sample
sizes. A minimum of 20 million reads was required obtain sufficient read depth coverage of
the samples (see Brittnacher et al., “ An alignment-free method of mammalian microbiome
comparative analysis,” manuscript submitted). Relative species abundance was calculated
from the sequence reads using MetaPhlAn.[7]

A total of fourteen families were screened for the study. Five families were deemed
unsuitable for transplant because of exclusion criteria including no suitable donor. Nine
Crohn’s patients received fecal transplantation. The stool donor for each patient was their
mother except for patient 10 and 13 where the fathers were the stool donors. Age of
participants was 16.2 + 2.9 years (range 12 — 19 years). Five were male. Average disease
duration prior to FMT was 3.9 + 1.8 years (range 0 — 7 years). Macroscopic disease at time
of diagnosis was in the stomach/duodenum in 6 patients, colon in 7 patients and terminal
ileum in 6 patients. At the time of transplant, 4 individuals were on methotrexate, 1
individual was on azathioprine, 1 individual was on mercaptopurine, 3 individuals on
mesalamine therapy, and one newly diagnosed individual was on no medication at the time
of FMT. (Table 1)

All reported adverse events were graded as mild except for one individual who reported
moderate abdominal pain after FMT. After the FMT, 5 patients complained of abdominal
pain likely related to FMT (4/5 mild abdominal pain), and 5 had mild bloating likely related
to FMT, 4 had diarrhea likely related to the pretreatment for the FMT or the FMT.
Abdominal pain, bloating and diarrhea returned to baseline or improved within 48 hours of
FMT. One individual had mild post FMT flatulence lasting one day. One individual had a
mild stuffy nose after FMT, which was not likely related to the procedure but more likely
reflected allergic responses. Three individual had side effects likely related to the
nasogastric tube, 1 with rhinorrhea lasting 3 days after FMT, and two individuals with sore
throats lasting 1 day post FMT.

Two weeks after FMT, 7 of the 9 patients were in clinical remission based upon PCDAI
scoring. At 6 and 12 weeks, 5 of 9 patients who did not receive additional therapy were still
in remission. Two individuals received additional standard medical therapies prior to the end
of the study. Patient 15 began metronidazole prior to the 6 week follow up and then
Infliximab after the 6 week follow up. Patient 13 began prednisone and methotrexate after 6
week follow up (Table 2). Two other individuals began standard medical therapy after 12
week follow up because of a flare in symptoms (Table 2). Mean PCDAI at baseline was
19.7+ 7.2, at 2 weeks post FMT 6.4 £ 6.6, and at 6 weeks post FMT 8.6 + 4.9. The 6 week
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and 12 week mean PCDAI of individuals not receiving additional medical intervention were
8.8 +5.2and 11.1 £7.5, respectively. All but one patient had improvement/normalization in
their CRP at the week 2 follow up. The mean CRP levels decreased from 2.4 + 1.2 mg/dL at
baseline to 1.5 + 0.6 mg/dL at the 2 weeks post FMT visit. At 6 weeks and 12 weeks post
FMT in those individuals who did not start on additional medical therapy the mean CRP still
remained below baseline level at 2.0 £ 1.2 mg/dL and 2.3 + 2.3, respectively. No significant
changes were noted in albumin levels, or hematocrit with FMT. (Table 2)

Stool calprotectin decreased or remained unchanged for all patients except for one whose
level increased slightly at the 2 week follow up. The mean baseline calprotectin for all
patients enrolled was 936 + 782 mg/L with a mean level of 671 + 474 mg/L at two week
follow up. Although initial improvement was seen for most patients in calprotectin, the
levels rose for most patients by the 12 weeks follow up (Table 2).

Fecal microbiome similarity to donor, pre-FMT had a mean of 41.7+16.1% (SD) and ranged
from 13 to 69% (Figure 1a). Similarity to self, pre-FMT (Figure 1b) was also calculated for
all samples. Similarity of donor stool was measured by the relative change in similarity to
donor (Figure 1c; method paper currently submitted). The similarity score ranged from —15
to 46% (mean + standard deviation (SD), 15.7 + 18.9,) with individuals following one of
three paths: no similarity (n=2), gradual similarity (n=4) and immediate similarity (n=3).
Patients 2 and 18 did not appear to engraft while others (patients 1, 8, and 10) had a gradual
increase in donor similarity over the 12 week period (Table 2). The third group (patients 6
and 7) had very quick similarity by the second week analysis. Similarity of donor stool was
evident for the entire 12 week period for those who had initially engrafted. It is unclear at
this stage if degree of similarity correlates with different clinical responses in the fecal
microbiome to FMT, though of the two patients with no similarity one of these patients had
no clinical response to FMT while the other had only a modest clinical response (Table 2).

Using MetaPhlAN analysis of the metagenomics data, a total complement of 116 species
were identified across all samples (Supplementary Table 1) of which 107 (92%) were found
in the donors. About one third (11/30) of the thirty most abundant species in the donors were
found in all nine donors (Supplementary Figure 1). In contrast, only three of the thirty most
abundant species in the patients, pre-FMT were found in all nine patients (Supplementary
Figure 2). Thus, greater homogeneity was observed for the donors in relation to the patients
for the most abundant species. Only one species, Ruminococcus torques, was found in all
donor and patient samples, pre-FMT. To determine which species were potentially
transplanted during FMT we identified 31 species that were not detected in the patient
baseline samples but were found following FMT at two weeks (Figure 2). These species
were all detected in the patient’s respective donor. The species that were found in more than
two of the nine patients were Bilophila wadsworthia (5 of 9), Odoribacter splanchnicus and
Bacteroides caccae (4 of 9) and Alistipes shahii, A. putredinis and Parabacteroides merdae
(3 of 9). Although there are many factors independent of transplant that could explain the
presence of these newly detected species, we found that the percentage of these 31 species
detected post-FMT for each patient was correlated with the similarity score at 2 weeks
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(Spearman r = 0.9). For example, the percentage of previously undetected species in patients
6, 7 and 15 at 2 weeks was 39, 45 and 26% and their similarity scores at 2 weeks were 41,
46 and 22%, respectively. In contrast, no new species were detected for patient 18 whose
similarity score was 0%. High relative abundance of a species was not a determinant of
which species were possibly transplanted. In patient 6, Ruminococcus bromii contributed
toward a large fraction of the increase in similarity to donor at two weeks post-FMT
(Supplementary Figure 3 [page 3]). However, R. bromii was not detected post-FMT in
patients 1, 2, 10 and 18 even for donor abundances between 10 to 30% (Supplementary
Figure 4 [page 8]).

On evaluation of specific individual’s microbial similarity to donor prior to transplant, two
patients stand apart from the overall group. The pre-FMT microbiome of Patient 1 was the
least similar to donor parental microbiome at 13%. His clinical course was also one of the
best with a decrease in PCDAI from 27.5 to 7.5 and a decrease in CRP from 3.1 mg/dL to
1.1 mg/dL. In contrast, patient 18 had the greatest similarity to donor, pre-FMT at 69%. This
patient’s clinical course did not appear to be significantly altered: clinical remission with
FMT was not achieved and additional medical therapy was required by the end of the study.
The patient’s PCDAI went from 27.5 to 22.5 with CRP decreasing from 2.6 mg/dL to 1.5
mg/dL. Interestingly, two patients had significant clinical deterioration over the course of
the study. The longitudinal analysis of fecal metagenomes during this period allowed us to
observe a dramatic increase in the relative abundance of Escheria coli during a clinical
disease flare. This data is highly correlative with a bloom of E. coli in response to
inflammation or an expansion of E. coli could contribute to disease outcome. Therefore an
examination of the relative abundance of E. coli in stool samples before and after FMT
would suggest that a relative increase in the amount of E. coli in stool samples is associated
with increased inflammation. For patient 18 who was a non-responder to FMT there was an
increase from baseline after FMT. For those who responded initially but then had an
increase in disease activity, E. coli abundance appears associated with increased calprotectin
and thus worsening inflammation.

Discussion

The published experience of fecal microbial transplantation for active Crohn’s disease is
limited. To date only two retrospective case reports exist in which fecal transplant has been
used as a potential treatment for Crohn’s disease. Borody and Grehan each described one
individual with Crohn’s Disease who had clinical benefit from FMT. [8, 9] The results of
this prospective study show that FMT in this small cohort of pediatric patients with Crohn’s
disease was safe, and well tolerated. Both clinical and laboratory improvements were seen in
the majority of patients. This study provides further evidence that the fecal microbiota likely
plays an important role in the pathogenesis of Crohn’s disease and indicates that FMT merits
further study as a potentially therapy for Crohn’s disease.

Current therapies for Crohn’s disease focus on suppressing the immune system. In contrast,
FMT focuses on a possible trigger of the immune dysregulation, the fecal microbiota. There
have been many clinical observations implicating the fecal microbiota as a contributing

agent in Crohn’s disease pathology. This includes the clinical efficacy of antibiotic therapy,
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clinical improvement with diversion of the fecal stream on distal disease activity, as well as
serum reactivity towards microbial antigens including anti saccharomyces cerevisiae
antibody (ASCA) and Outer Membrane Protein C of E. coli (Omp-C).[10-12] An additional
factor known to impact the development of IBD and the fecal microbiota is antibiotic use.
The development of pediatric IBD has been closely associated with antibiotic exposure early
in life. Kronman et al. reported an 84% relative risk increase in development of IBD with
antibiotic use. Exposure to antibiotics throughout childhood was associated with developing
IBD but decreased with increasing age of exposure.[13] This suggests that immune
dysregulation may come from a disruption of immune tolerance during development as a
result of alteration of the microbiota by antibiotic use. [14, 15]

The goal of FMT in Crohn’s disease is to alter the fecal microbiome by decreasing potential
“dysbiotic” bacterium that may be more pro-inflammatory. With that in mind, rifaximin, a
non absorbed antibacterial agent was used prior to fecal microbial transplant to decrease the
endogenous “dysbiotic” bacterial load in the transplant recipient with the goal of allowing a
biologic niche for the transplanted stool to survive in. Although there is uncertainty
regarding the specific clinical implications of dysbiosis, and whether the changes seen are a
cause or effect of the disease itself, studies have noted differences within the fecal
microbiota of patients with Crohn’s disease from healthy controls. This divergence from
healthy individual’s fecal microbiota is characterized by a decrease in commensal bacteria
including members of Firmicutes and Bacteroides as well as a relative increase in pro
inflammatory bacteria such as Enterobacteriaceae. [1, 2]. In addition, a decrease in butyrate
producing bacterium which are important in intestinal health have been seen in patients with
Crohn’s.[16] Fluorescent in situ hybridization analysis has shown bacteria penetrating the
mucus layer in 25% of colonic and 55% of ileal mucosal biopsies of patients with Crohn’s
disease as compared to none in controls.[17] Although as a community, we often describe
the microbial changes seen in Crohn’s disease as a dysbiosis, it is important to acknowledge
our limited understanding of the fecal microbiome and that some of the changes seen may
not represent a true functional dysbiosis. Our microbial analysis confirms the changes seen
in other studies. One unique aspect of this study is our longitudinal analysis allowed us to
observe a bloom of E. coli as associated with an increase in clinical symptoms and
inflammatory markers. This indicates how rapidly a change in clinical status by an increase
in intestinal inflammation can be associated with a bloom of bacteria that is both a
commensal but well known as a pathogen from horizontally acquired virulence factors and
in the setting of compromise of the intestinal barrier function. Though E. coli may not be the
ultimate cause of Crohn’s disease it is interesting to speculate that its expansion and
invasion could contribute to symptoms and disease.

There are many intriguing issues related to FMT which arise from this study. There was a
significant difference in clinical outcome between the patient with the least and most
microbial similarity between recipient and donor. This could indicate that the more
divergent a Crohn’s patient is from his donor the more the potential benefit of
transplantation. The diagnosis of dysbiosis by species analysis is speculative given the huge
diversity in human microbiomes and the influence of diet and genetics on the microbiome
content. Therefore, the non-species based analysis we performed coupled with the greater
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similarity in heritable factors and diet between parents and child may suggest who has a
greater likelihood of benefit from FMT. Another possible predictor of disease activity and
duration of efficacy appears to be the appearance or resurgence of E. coli. We notice a trend
of increasing calprotectins with an increase in E. coli abundance. Although this finding may
be a helpful predictor of efficacy of therapy there is no clear casual affect. However, in
patients with significant dysbiosis with E. coli therapy targeted at its suppression followed
by FMT could be another potential therapeutic trial in the future.

Although there was clinical and laboratory improvement in the majority of patients, there
are number of significant limitations to this study. As an open labeled study, recruited
patients and parents had a strong personal belief that FMT would improve symptoms. It
cannot be excluded that participant bias could account for some of the effect seen in the
PCDAI. In addition, the relative effect of pretreatment of patients with rifaximin and
MiraLAX prior to FMT could have accounted for some of the benefits seen as well as the
changes observed in the microbiome. Finally the small sample size for this study limits the
precision of estimated effects of the FMT within our Crohn’s patients. Despite these
limitations, this study suggests a further link between the fecal microbiota and Crohn’s
disease and suggests that further study of FMT as a potential therapeutic option using
controlled clinical trials with analysis of transplant similarity is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fecal Microbiota Analysis of Fecal Microbial Transplant Recipient as a Function of

Time relative to transplant (days)

Similarity to Donor, and Self.
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Bacteroides caccae
Bifidobacterium longum
Bifdobacterium adolescentis
Akkermansia muciniphila
Escherichia coli
Desulfovibrio piger
Clostridium bartiettii
Clostridium leptum
Methanobrevibacter smithii
Sutterella wadsworthensis
Subdoligranulum variabile
Dorea formicigenerans
Dorea longicatena
Coprococcus catus
Eubacterium ventriosum
Bactervides finegoldi
Bacteroides xylanisolvens
Bacteroides plebeius
Bacteroides ovatus
Bacteroides cellulosilyticus
Bacteroides vulgatus
Bacteroides stercoris
Bacteroides uniformis
Collinsella aerofaciens
Bifidobacterium pseudocatenulatum
Bilophila wadsvorthia
Alistipes shahi

Alistipes putredinis
Parabacteroides unclassified
Parabactervides merdae
doribacter splanchnicus

Species

Thirty one specieswere detected at greater than 0.1% abundance at 2weeksthat were below 0.001% abundance, or
notdetected, pre-FMT. These specieswere all found in the patient's respective donor at greater than 0.03% abundance.
The color scale indicates the 2 weekpercent relative abundance in the patient,

Figure 2.

Microbial Species detected in Transplant Recipients at 2 weeks post Fecal Microbial

1

2

6

T T
7 810 131518

Patient

Transplant that were below detection pre-FMT.
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