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Abstract: 
Background & Aims: Studies in mice have shown that the intestinal microbiota can contribute to obesity via the anorexigenic gut hormone glucagon-like peptide 1 (GLP1) and bile acids, which affect lipid metabolism. We performed a randomized, placebo-controlled pilot study of the effects of fecal microbiota transplantation (FMT) in obese, metabolically uncompromised patients.

Methods: We performed a double-blind study of 22 obese patients (body mass index [BMI] 35kg/m2) without a diagnosis of diabetes, non-alcoholic steatohepatitis, or metabolic syndrome. Participants were randomly assigned (1:1) to groups that received FMT by capsules (induction dose of 30 capsules at week 4 and maintenance dose of 12 capsules at week 8) or placebo capsules. FMT capsules were derived from a single, lean donor (BMI, 17.5 kg/m2). Patients were followed through week 26; the primary outcome was safety. Stool and serum samples were collected from patients at baseline and at weeks 1, 4, 6, 8 and 12 after administration of the first dose of FMT or placebo and analyzed by 16S RNA gene sequencing. Stool and serum samples were analyzed for metabolomics by liquid chromatography-mass spectrometry. Additional outcomes were change in area under the curve for GLP1 at week 12. 

Results: We observed no significant differences in adverse events between patients who received FMT vs placebo. There was no increase in the area under the curve of GLP1 in either group. Patients who received FMT had sustained shifts in microbiomes associated with obesity toward those of the donor (P<.001). Patients who received FMT had a sustained decrease in stool levels of taurocholic acid (P<.05), compared with baseline; bile acid profiles began to more closely resemble those of the donor. We did not observe significant changes in mean BMI at week 12 in either group. 

Conclusions: In a placebo-controlled pilot study, we found that FMT capsules (derived from a lean donor) were safe but did not reduce BMI in obese metabolically uncompromised patients. The FMT capsules were well tolerated and led to sustained changes in the intestinal microbiome and bile acid profiles that were similar to those of the lean donor.

ClinicalTrials.gov number, NCT02741518.
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Introduction: 

Obesity is a major health burden affecting over one third of Americans and is associated with chronic diseases such as diabetes mellitus, cardiovascular disease, nonalcoholic fatty liver disease (NAFLD) and cancer and currently there is a paucity of effective pharmacologic therapies.1-3 Surgery, while shown to result in significant weight loss and resolution of co-morbid illness, is invasive and accompanied by significant morbidity and mortality risk.4 There is an urgent need to develop novel treatment strategies targeting the underlying pathology leading to obesity and obesity-related diseases.

Multiple studies have reported that obese individuals have abnormal gut microbiota5, 6, and humanized mouse models suggest the gut microbiota may be a causative factor in obesity.5, 7, 8 The gut microbiota may mediate the release of the glucagon-like peptide 1 (GLP1) through a short-chain fatty acid (SCFA)-G-protein-coupled receptor pathway, in turn, promoting satiety and slowing gastric emptying.9, 10 Additionally, the gut microbiome modulates bile acid pathways, which in turn impacts lipid metabolism.11, 12

The possible relationship between obesity and the gut microbiome has led to attempts at its manipulation in order to modulate this process. Fecal microbiota transplantation (FMT) has been established as an effective treatment for recurrent Clostridioides difficile infection and emerged as a powerful exploratory therapy to treat diseases associated with an abnormal microbiome.13, 14 Vrieze and colleagues (2012) conducted a pilot randomized controlled trial (n=18) in male patients with metabolic syndrome.15 Participants received FMT from either a lean donor (BMI <23 kg/m2) or autologous stool transfer. Among participants who received a lean FMT, insulin sensitivity increased. Recently, Kootte replicated this data with a randomized controlled trial (n=38) in male patients with metabolic syndrome receiving FMT from either a lean donor (BMI <25 kg/m2) or autologous stool transfer16. At 6 weeks, participants who received lean FMT, insulin sensitivity increased, however, the result did not persist to week 18, hypothesized as due to lack of FMT maintenance. It has been demonstrated that in FMT studies in chronic conditions such as ulcerative colitis, induction and maintenance FMT may be more beneficial than a single administration. Overall, both trials suggest the microbiome may play a role in metabolic syndrome; however, there is no data on the role of lean FMT on obese, metabolically uncompromised patients. 

Accordingly, we hypothesize that for obese, metabolically uncompromised patients, induction and maintenance FMT utilizing lean donor stool will correct an abnormal microbiome profile and may alter circulating GLP1 and bile acid profiles. 




Methods: 

Patient Selection
We performed a double-blind, randomized, placebo controlled single center pilot trial (Brigham and Women’s Hospital Clinical Trials Center).  Obese patients (body mass index (BMI) >=35kg/m2) who were metabolically uncompromised (no diagnosis of poorly controlled or insulin dependent type 2 diabetes mellitus, non-alcoholic steatohepatitis or metabolic syndrome) were enrolled. In addition, patients with prior weight loss surgery or recent weight gain or loss of 10  pounds or more, patients with dysphagia or difficulty swallowing pills and patients with inherent or acquired immune deficiencies were excluded. The use of antibiotics within 8 weeks of screening and probiotics within 4 weeks of screening were also exclusion criteria. Patients were advised not to restart probiotics throughout the trial. Patients were enrolled between April 2017 and August 2018 and were identified via direct referrals from treating physicians. 

Participants were randomized 1:1 (no blocks) to receive FMT by capsules (induction of 30 capsules and a maintenance dose of 12 capsules at week 4 and week 8), or identical placebo capsules. The randomization list was generated by an unblinded pharmacist and the bottles were concealed with identical labels. The patients and investigators remained blinded throughout the study. Patients maintained symptom diaries throughout the trial. Safety was assessed as solicited and unsolicited adverse events. 

Patients were advised to make no dietary changes throughout the trial. Food frequency questionnaires were performed at baseline. Participants each met with a dietician at each study visit and a 24 hour diet recall was performed. Stool was collected for microbiome and metabolomic profiling at baseline and 1, 4, 6, 8, and 12 weeks post-induction. The primary outcomes were safety and change in the AUC for GLP1 at week 12 compared to baseline.17 Secondary endpoints include changes in the gut microbiome profile and diversity as well as bile acid profiles at week 12 compared to baseline. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the institutional review board at the Brigham and Women’s Hospital and all patients provided written informed consent prior to participation (NCT02741518). Additionally, FDA approval via investigational new drug application (IND 16936, 2016 ) was obtained. All authors had access to the study data and approved the final manuscript. 

Sample Collection and Laboratory Analysis
A mixed meal tolerance test and measurements of obesity biomarkers (GLP1, ghrelin and leptin) were performed at baseline, week 6 and 12 post-induction. Blood was collected into chilled EDTA tubes containing a specific DPP-4 inhibitor (BD Biosciences, Billerica, MA). Samples for ghrelin were collected while fasting at -15 minutes and samples for GLP1 and Leptin were collected at  0, 15, 30, 45, and 60 minutes to generate an area under the curve (AUC) for concentrations over time. Samples were analyzed at the Brigham Research Assay Core (BRAC). GLP1 kits were obtained from ALPCO (Salem, NH) ( Supplemental Methods). 

Statistical Analysis: 
Given there is no data on the effect size of FMT in obesity, this was designed as a proof of concept safety study. A sample size of 10 who complete the trial in each group was chosen for feasibility.18 Continuous variables were compared using Student’s T-test. Categorical variables were compared using chi-square or Fisher’s exact test. Because multiple measurements of GLP1 were taken at weeks 0, 6 and 12 (taken at 0, 15, 30, 45, 60 minutes) we created an overall AUC measurement per patient using the trapezoidal method, as a marker of total GLP1.  We then compared the resulting AUC values between our 2 groups using the wilcoxin rank-sum test at each timepoint (0, 6, and 12 weeks).


Fecal Microbiota Transplantation Preparation:
A single, lean unrelated healthy volunteer with a BMI of 17.5 kg/m2 was used to generate FMT capsules. The donor was a female without any known dietary restriction. When queried, this donor ate more calories per day then the average female stool donor. The donor material was prepared at a stool bank based on a previously described protocol (OpenBiome, Somerville).19,20 The mean stool per capsule was 0.75 grams. Identical placebo capsules were composed of a solution of a saline buffer, glycerol and brown food coloring in order to create a visually identical capsule.

The FMT doses were chosen based on the standard CDI dosing which is a 30 capsule single induction dose.21 Additionally, trials in other chronic diseases, such as ulcerative colitis, have shown that maintenance dosing is likely needed.14 We therefor chose two additional maintenance doses over the follow up period. Capsules were all administered in clinic witnessed by study staff. 

All participants were premedicated with 20mg of omeprazole for 72 hours prior to each capsule dose. No antibiotics or bowel preparation was administered prior to the FMT.


Microbiota Composition Analysis
16S rRNA gene sequencing
Stool samples were collected for sequencing from donors and patients at baseline and 1, 4, 6, 8 and 12 weeks post induction FMT. Samples were stored by flash freezing at -80oC. DNA extraction, PCR amplification of the 16S rRNA gene’s V4 region, and Illumina paired-end sequencing was performed at the University of Michigan core facility, as described previously 22. 

16S rRNA gene processing
Primers were trimmed, paired ends merged, and de novo operational taxonomic units (OTUs) identified with a custom pipeline. In order to have maximum resolution for engraftment analysis, OTUs were defined by unique 16S rRNA gene sequences, i.e. 100% sequence identity. OTUs represented in fewer than two unique samples were discarded, resulting in a final median depth of 26,988 reads/sample and 64,510 OTUs across the study. Taxonomic assignments for each OTU were called using UTAX trained on the RDP database.  

Bacterial community analysis
Samples were rarefied to 10,000 reads for alpha diversity analysis, discarding samples with reads below this threshold. Paired one-sided t-tests were used to compare diversity or donor similarity before vs. after treatment to test the expected hypothesis that engraftment from lean-donor FMT increases diversity. Beta diversity between all samples was visualized using multi-dimensional scaling on the Jensen-Shannon divergence. For each patient, engrafting OTUs were identified based on presence in both the FMT donor and the patient’s first post-FMT stool sample, as well as depletion in the patient’s pre-FMT stool sample. Cross-sectional analysis was performed by comparing pre-treatment patients from the placebo arm to 60 unique healthy OpenBiome donors and performing a two-sided Mann-Whitney test for the differential abundance of each OTU. 

Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) profiling and analysis of fecal and serum bile acids:
Stool sample preparation for UPLC-MS was performed as previously described.11  For serum preparation, samples were thawed and centrifuged (9500 x g, 20 minutes), and supernatant retained; bile acids were extracted from 75 µl of serum samples by adding 225 µl of cold methanol, followed by incubation at -20oC for > 2 hours, and retaining supernatant after further centrifugation. 
 
Analysis of extracted bile acids was performed using ACQUITY UPLC (Waters Ltd, Elstree, UK) coupled to a Xevo G2 Q-ToF mass spectrometer equipped with an electrospray ionization source operating in negative ion mode, using the method described by Sarafian and colleagues.23
 
Quality control (QC) samples were prepared through the pooling of equal volumes of each prepped sample.  QC samples were used as an assay performance monitor24, and as a proxy to remove features with high variation.  In addition, QC samples were spiked with mixtures of bile acid standards (55 bile acid standards including 36 non-conjugated, 12 conjugated with taurine, seven conjugated with glycine (Steraloids, Newport, RI, USA) and were co-analyzed with the stool/ serum extracts to determine the chromatographic retention times of bile acids and to facilitate identification of metabolites.
 
Waters raw data files were converted to NetCDF format and data were extracted using XCMS (v1.50) package with R (v3.1.1) software.  Probabilistic quotient normalization was applied to correct for dilution effects and chromatographic features with coefficient of variation >30% in QC samples were excluded from further analysis. 25 The relative intensities of the features were corrected to the dry weight of the stool samples.  Secondary bile acids were defined as those produced from primary bile acids via gut microbial 7-a-dehydroxylation, whilst tertiary bile acids were those produced from primary bile acids via processes involving other forms of microbial modification, e.g. 7a-/b-isomerization of chenodeoxycholic acid (CDCA) to form UDCA.
 
Multivariate analysis of UPLC-MS bile acid profiling data was performed on pareto-scaled data using SIMCA 14.1 (MKS Umetrics, AB).  Univariate analysis/ statistical analysis of bile acid data was performed using GraphPad Prism, v7.03. OPLS-DA models were validated using CV-ANOVA, which provides a significance test of the null hypothesis of equal residuals between the model under validation and a randomly-fitted model which uses the same data.  

A targeted gas chromatography mass spectrometry protocol was used for the detection, identification and quantification of short chain fatty acids (SCFA) via adaptation of a protocol as previously-described (https://www.ncbi.nlm.nih.gov/pubmed/22865755). The protocol used ethyl acetate (Sigma) for the extraction of volatile compounds from stool, whilst tert-butyl methyl ether (MTBE) (Sigma) was used for extraction from serum.  In addition, derivatisation was performed using MTBSTF + 1% TBDMSCI (N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-Butyldimethylchloro-silane) (Sigma).  As for LCMS, quality control (QC) samples were also prepared and run as a performance monitor for the assay.  Calibration curves were obtained via the analysis of SCFA standards (Sigma) of known concentrations in full scan mode to allow specific quantification of each SCFA.  MTBE with 100 parts per million (ppm) methyl stearate (Sigma) was used as internal standard.
 
Samples were randomized and analyzed on an Agilent 7890B GC system coupled to an Agilent 5977A mass selective detector (Agilent, Santa Clara, California).  Data analysis was performed using MassHunter software (Agilent).  Extracted ion chromatograms of the target ion selected for each SCFA were integrated, and the peak area was normalized to the internal standard to correct for variability in the instrument response.  SCFA concentrations were analyzed through the use of univariate analysis, comparing groups (e.g. pre- vs post-FMT). 


Results: 
22 patients were enrolled, 11 in each arm (Figure 1). One patient in each arm withdrew early prior to the week 8 treatment and week 12 assessment due inability to travel to trial visits. These patients were followed through week 26 for safety. They were replaced in order to have 10 patients in each arm who completed the trial through week 12. There were no significant baseline clinical differences between the FMT and placebo groups, including baseline BMI (Table 1). 

With regards to the primary outcome, safety, no serious adverse events were observed in either the FMT or placebo arms. Mild adverse events were noted in both groups with diarrhea and abdominal pain being the most common (Table 2). 

Among the obesity biomarkers measured, there was no increase in the AUC of GLP1 appreciated in either group at week 12 compared to baseline; in fact, both groups experienced an overall decrease in GLP1, more notably in the placebo group ( -1.8 vs -13.1, p=0.40) ( Figure 4). In terms of other obesity biomarkers, the change in leptin AUC between the FMT and placebo groups at  week 12 compared to baseline revealed a larger increase in the placebo group (-84.8 v 309, p<0.001). No other significant changes were noted among the other obesity biomarkers assessed. Additionally,  no changes in BMI were noted during the 12-week trial in either group.

Microbiota Composition Analysis
Pre-treatment patient samples were first compared with 60 unique healthy stool donors. Obesity patients had a significant lower relative abundance of the phyla Actinobacteria (p=0.01), Bacteroidetes (p=0.03), Euryarchaeota (p=0.02), Firmicutes (p=1.7e-05) and Proteobacteria (p=0.004) (Supplemental Figure 1). We then assessed our patients’ samples post-intervention. The FMT resulted in a sustained shift of the patients’ obese gut microbiome profile, yielding an appearance similar to the donor’s lean microbiome profile. In the FMT arm, there was a non-significant increase in alpha diversity (p=0.25) (Figure 2A) and significant changes in beta diversity (p<0.001), with a microbiome profile shifting from an obese to lean profile (Figure 2B); these trends were not observed in the placebo patients. Of the 200 operational taxonomic units (OTUs) we identified as engrafting from the donor, many were enriched in healthy controls and depleted among those with obesity (Figure 2C). These include 9 OTUs in the butyrate-producing and bile-hydrolyzing genus Faecalibacterium. 

UPLC-MS bile acid profiling data
Among the FMT arm, bile acid profiling demonstrated a sustained reduction in stool taurocholic acid (Figure 3a); this is consistent with post-FMT engraftment with bile-metabolizing taxa. This effect was not seen in the placebo group. On multivariate analysis, whilst no changes in serum bile acid profiles were seen between patients in either arm prior to intervention, significant changes in serum bile acid profiles were seen between FMT and placebo patients on analysis of post-intervention serum samples (on OPLS-DA - R2X: 0.326; Q2: 0.677; p = 3.47 x 10^-16) (Figure 3B).  No statistical difference was seen between pre-intervention serum bile acids in patients who went on to receive FMT vs placebo.

No changes in levels of any SCFA from baseline over time were noted in the placebo patients. Additionally, baseline levels were the same for all SCFA for both placebo and FMT patients (both for serum and stool). No changes in any SCFA over time were also not seen in the FMT patients from baseline.  No significant diff between levels of all SCFA between placebo and FMT patients at any timepoint (both for serum and stool) (Supplemental Figure 2)


Discussion
To our knowledge, this is the first study to explore the use of FMT from a healthy lean donor in an obese, metabolically uncompromised patient population. Overall, FMT by oral capsules from a lean donor was found to be safe, well tolerated and led to a sustained microbiome and bile acid profile similar to that of a lean individual at week 12.

Although we did not observe a meaningful change in GLP1, we did note engraftment of 9 OTUs in the butyrate-producing and bile-hydrolyzing genus Faecalibacterium, not found in the obese microbiome profile, which may have led to a decrease in primary bile acids. Bile acids facilitate the absorption of fat and regulate glucose, lipid, and energy homeostasis. Bile acid signaling has been implicated in the pathophysiology of obesity and may be a critical mechanism accounting for the effect seen in this pilot trial. Additionally, we had originally hypothesized that FMT would lead to an increased engraftment of butyrate producing organisms and that would lead to an increase in GLP1. However, we did not see a sustained change in stool or blood butyrate, which may explain why no change in GLP1 was appreciated. In the previously mentioned metabolic syndrome studies, no changes in stool or blood butyrate levels were appreciated either.16  Interestingly though, we did note engraftment of phyla that contain known butyrate producers. As previously shown after FMT for ulcerative colitis26, that gut microbiome analysis revealed enrichment of butyrate producing organisms post-FMT as well as increased levels of bacterial butyrate-producing genes, but no actual increase in stool butyrate levels. It is theorized that it may be being rapidly metabolized by colonocytes leaving none left to be measured. 

This study did have limitations. Notably, this was a small, pilot trial and therefore we only followed patients through week 12. This may not have been long enough to assess for clinically important outcomes, such as weight loss and changes in BMI, which are typically evaluated at 12 months post-intervention. Additional dose-finding studies would also be needed to understand optimal dosing for this specific patient population. Lastly, the GLP1 assay itself had limitations. The lower limit of detection was 3 pmol/L. A more sensitive assay may have been able to detect more subtle differences between the groups. 

Future studies in this space likely need to explore increased dosing regimens with longer a maintenance phase. Traditional weight loss trials follow patients for 6 months or 1 year and this is likely needed here as well. Additionally, based on this data it remains unclear if GLP-1is the appropriate biomarker of response. Donors highly enriched specifically for butyrate producing organisms are likely needed in order to appreciate a change in either butyrate or GLP-1. However, based on this data we would recommend donor selection in future trials should focus on donor material enriched with BSH containing organisms. It also remains unclear if patients with metabolic syndrome and other obesity related comorbidities should be excluded. There is positive induction data in patients with metabolic syndrome and perhaps this population may be more amenable to microbiome therapeutics. 

[bookmark: _GoBack]FMT from a lean donor in obese metabolically uncompromised patients by oral capsules was found to be safe, well tolerated and led to a sustained microbiome and bile acid profiles similar to that of a lean individual at week 12. Although we did not observe a meaningful change in GLP1, we did note engraftment of 9 OTUs in the butyrate-producing and bile-hydrolyzing genus Faecalibacterium, not found in the obese microbiome profile, which may have led to a decrease in primary bile acids. This reduction in taurocholate may represent a restoration of microbiota bile salt hydrolase (BSH) functionality by FMT, as seen in Clostridioides difficile infection.12 BSH delivery to germ free and conventionally raised mice was associated with reduced weight gain. Bile acid signaling has been implicated in the pathophysiology of obesity and may be a critical mechanism accounting for the effect seen in this pilot trial.
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Figure 1: Consort Diagram. 

Figure 2: Engraftment of healthy donor community post-FMT

Key: A) Non-significant increase of alpha diversity in FMT patients (p-values shown for one-sided t-tests). Solid lines indicate increase; dashed lines indicate decrease. Post-treatment data is averaged over all timepoints. B) Multidimensional scaling ordination of beta diversity (Jensen-Shannon divergence) of all sequenced stool samples (Jensen-Shannon divergence). Similarity to donor samples increased in the FMT group (p<0.001, one-sided t-test), but not with placebo (p=0.93). C) Taxonomic diversity of engrafter OTUs and cross-sectional enrichment in healthy vs obese. Many engrafter OTUs are depleted in the obesity microbiome. Cross-sectional p-values (two-sided Mann-Whitney) were calculated by comparing relative abundance in pre-treatment placebo arm patients to 60 unique healthy individuals; negative values indicate enrichment in obese vs healthy. Colored points show all 200 OTUs identified as engrafters, separated by taxonomic order. Dark red circles represent the discussed 9 OTUs in the butyrate-producing and bile-hydrolyzing genus Faecalibacterium.


Figure 3: Bile Acid Profiles Pre and Post-FMT 

Key A) Relative abundance of the conjugated primary bile acid, taurocholic acid, stool Conjugated Primary Bile Acid, Taurocholic Acid, Pre and post FMT in both FMT and placebo groups.  Placebo Groups B) Orthogonal projection to latent structures discriminant analysis (OPLS-DA) of post-intervention serum samples, as analyzed by UPLC-MS for bile acid profiling

Figure 4: GLP1 concentrations over time. A) Patients who received FMT at baseline, week 6 and week 12. B) Patients who received placebo at baseline, week 6 and week 12. 

Supplemental Figure 1: Pre-treatment patients (n=22)  compared to 60 unique stool donors (each dot is one person). P-values shown are from two-sided Mann-Whitney test of differential abundance.

Supplemental Figure 2: Short Chain Fatty Acid concentrations. A) Serum Butyrate concentrations by group B) Stool Butyrate concentrations by group C) Serum Isobutyrate concentrations by group D) Stool Isobutyrate concentrations by group

