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Abstract

Background and Aims: Fecal microbiota transplantation (FMT) is an emerging treatment 

modality for ulcerative colitis (UC). Several randomized controlled trials have shown efficacy for 

FMT in the treatment of UC, but a better understanding of the transferable microbiota and their 

immune impact is needed to develop more efficient microbiome-based therapies for UC.

Methods: Metagenomic analysis and strain tracking was performed on 60 donor and recipient 

samples receiving FMT for active UC. Sorting and sequencing of IgA-coated microbiota (called 

IgA-seq) was used to define immune-reactive microbiota. Colonization of germ-free or genetically 

engineered mice with patient-derived strains was performed to determine the mechanism of 

microbial impact on intestinal immunity.

Results: Metagenomic analysis defined a core set of donor-derived transferable bacterial strains 

in UC subjects achieving clinical response, which predicted response in an independent trial of 

FMT for UC. IgA-seq of FMT recipient samples and gnotobiotic mice colonized with donor 

microbiota identified Odoribacter splanchnicus as a transferable strain shaping mucosal immunity, 
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which correlated with clinical response and the induction of mucosal regulatory T cells (Tregs). 

Colonization of mice with O. splanchnicus led to an increase in Foxp3+/RORγt+ Tregs, induction 

of IL-10, and the production of short chain fatty acids, all of which were required for O. 
splanchnicus to limit colitis in mouse models.

Conclusions: This work provides the first evidence of transferable, donor-derived strains that 

correlate with clinical response to FMT in UC and reveals O. splanchnicus as a key component 

promoting both metabolic and immune cell protection from colitis. These mechanistic features 

will help enable strategies to enhance the therapeutic efficacy of microbial therapy for UC.

Lay Summary

Fecal microbiota transplantation is an emerging therapy to treat ulcerative colitis. These findings 

define strain transferability associated with clinical response and highlight the mechanisms of their 

immune impact.
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Introduction

Over two million people worldwide suffer from ulcerative colitis (UC)1. While biologic 

therapies have significantly improved treatment efficacy of UC, nearly two-thirds of patients 

attenuate response to medical therapy. As a result, new therapeutic modalities are urgently 

needed that target the underlying pathophysiology of UC. Given the strong correlation of 

alterations in the gut microbiome with disease activity in inflammatory bowel disease (IBD), 

microbial-based therapies have emerged with the potential to treat UC. In particular, several 

recent trials have demonstrated the efficacy for fecal microbiota transplantation (FMT) in the 

treatment of UC2–4; however, a clear limitation of FMT is the current use of crude donor 

fecal material. This practice increases potential infectious risk as well as donor-to-donor 

variations that could alter therapeutic efficacy5. Thus, rational selection and production 

of specific microbial strains or communities could improve efficacy, minimize the risk of 

adverse reactions as well as increase the acceptance of microbiome-based therapies.
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To accomplish this task, a mechanistic understanding of microbial transferability, 

engraftment and immune cell impact underlying the efficacy of FMT in UC needs to be 

defined. In the treatment of recurrent Clostridium difficile infection with FMT, the change 

in microbial diversity following FMT is a key metric that associates with clinical resolution 

of C. difficile6, 7. While some studies highlight the potential role for increasing overall 

diversity in improving the clinical outcome for UC4, microbial diversity did not correlate 

with clinical response in all studies8, 9. In contrast, several studies indicate that efficacy 

may be donor-dependent3, 8, 10. However, the composition and function of a core set of 

transferable strains associated with clinical response in UC have not been defined.

Based on the hypothesis that key strains would be (i) transferable and (ii) immune-reactive, 

we performed metagenomic sequencing and ‘IgA-seq’ to define a core of transferable and 

IgA-coated microbiota using samples from a cohort of 20 recipient-participants pairs with 

active UC treated with FMT. Clinical response based on endoscopic subscore and total 

Mayo score was assessed at week 4 post-FMT (NCT02516384). Using a strain inference 

algorithm11, our data reveal a core group of transferable bacterial species that correlate with 

clinical response and highlight the metabolic and cellular impact of a patient-derived strain 

of Odoribacter splanchnicus in shaping mucosal immunity in responders. These findings 

define strain transferability in the context of clinical response of UC to FMT and highlight 

the potential mechanisms of their immune impact, which will be critical in enhancing the 

efficacy of microbial-based therapies for UC.

Materials and Methods

Study population

20 participants with active UC received FMT using two-healthy donor fecal microbiota 

preparation (FMP) (NCT02516384). Details of this cohort have been previously published 

by our group8. Clinical responders were defined as Δ Mayo score ≥ 3 and a bleeding 

subscore < 1 (responders, n = 7; non-responders, n = 13). For Mayo endoscopic subscore 

(MES) analysis, responders were defined as Δ MES ≥ 1 (responders, n=10; non-responders, 

n = 10).

Metagenomic analysis and strain tracking

The details of DNA extraction and sequencing are described in Supplementary Methods. 

After quality control, samples averaged 135 million reads (mean = 135,854,707; max = 

203,079,049, min = 76,938,232). One out of 60 fecal samples evaluated in the present 

study failed to pass the metagenomic sequencing quality control. Taxonomic profiling was 

then determined by MetaPhlAn2 pipeline12 (version 2.7.5). To analyze microbial strains, 

metagenomic data was separately processed and run through StrainFinder to determine 

bacterial species single nucleotide polymorphisms (SNPs) and their frequencies based on 

maximum likelihood estimates, as previously described11.

IgA seq analysis

To define the IgA-coated microbiota, fecal homogenates were processed, labeled and 

sorted as previously described13. Samples were stained with anti-human IgA (IS11–8E10; 
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Miltenyi Biotec) or anti-mouse IgA (MA-6E1; eBioscience) and sorted on FACS Melody 

(BD Biosciences). Samples were costained for nucleic acids with SYTO BC (Invitrogen). 

Sorted samples were processed using PowerMag Soil DNA Isolation Kit (MO BIO), 

following manufacture instructions. For human samples the 16S rRNA gene V4 region 

was amplified and for mouse samples the V4 and V5 regions were amplified as previously 

described (https://earthmicrobiome.org). Amplicons were then sequenced in an Illumina 

MiSeq platform using the 2 × 250 bp paired-end protocol. Read pairs were processed using 

DADA214, VSEARCH15, and SILVA Database16 to generate a rarefied amplicon sequence 

variant (ASV) table (human sequence depth of 7,684 reads, mouse sequence depth of 25,179 

reads).

Bacterial isolation and sequencing

Patient-derived bacterial strains were isolated under anaerobic conditions, as previously 

reported13. Briefly, single cells were sorted to a 96 well plate and recovered anaerobically. 

O. splanchnicus, Alistipes finegoldii and Blautia producta strains were characterized by 16S 

Sanger sequencing. Whole genome sequencing of O. splanchnicus was performed using 

PacBio Sequel v3 SMRTcell. Sequence data was assembled using Canu default settings17 

into 6 contigs using minimap2 (v.2.17-r941). Gene prediction and annotation were carried 

out using RAST and visualized with GCView server18.

Metabolomics analysis

Cecal content was collected on day 10 or 21 post-colonization with UC patient-derived O. 
splanchnicus, A. finegoldi or B. producta. Short chain fatty acids (SCFAs) were detected 

and measured in cecal contents by liquid chromatography–quadruple–time of flight mass 

spectrometry (LC–Q–TOF) as previously described19.

Gnotobiotic and SPF Mice

For gnotobiotic experiments, 6- to 8-week-old germ-free C57BL/6 wild type (WT) or 

TCRβδ−/− mice were gavaged with 200μl of a two-healthy donor FMP. Seven weeks post-

colonization feces were collected for IgA-seq analysis. Germ-free C57BL/6 WT, IL-10−/−, 

Rag1−/−, TCRβδ−/− and heterozygous (het) mice were bred and maintained at WCM20. For 

mono-colonization experiments, 6- to 8-week-old mice were gavaged with ~1 × 109 CFU 

of patient-derived A. finegoldii, B. producta and O. splanchnicus, respectively, at log-phase 

grown under anaerobic conditions in Yeast Casitone Fatty Acids Broth with Carbohydrate 

media (Anaerobe Systems). Colonization was confirmed by 16S rRNA qPCR from DNA 

extracted using feces or cecal content.

For colonization of SPF mice, 6- to 8-week-old mice were subjected to one week of 

antibiotic (ampicillin, vancomycin, metronidazole, neomycin; Sigma-Aldrich) treatment in 

the drinking water ad libitum up to 1 day prior to gavage. Mice were then gavaged 

with ~5 × 109 CFU log-phase bacteria. Colonization was confirmed by O. splanchnicus 
16S rRNA PCR (F primer: 5’- ATGTAATGATGAGCACTCTAACGG-3’; R primer: 5’- 

GGCTTTTGAGATTGGCATCC-3’)21. C57BL/6 GPR109a−/− and GPR43−/− mice were 

obtained from Marcel van den Brink lab.

Lima et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://earthmicrobiome.org/


Colitis Mouse Models

Experimental models were previously described20. For induction of chemical colitis, 

2% DSS (w/v) (M.W. 40,000–50,000; Affymetrix) was added to drinking water and 

administered ad libitum for 6 days. Mice were then monitored daily for weight loss and 

survival. Mouse Lipocalin-2 was measured in the supernatant by sandwich ELISA (R&D 

Systems).

Cellular isolation and intracellular cytokine staining

Lamina propria mononuclear cells (LPMC) were isolated from colonic tissue as previously 

described20. LIVE/DEAD fixable aqua dead cell stain kit (Molecular Probes) was used to 

select live cells. For analysis related to transcription factors, large intestine LPMC cells 

were stained with anti-CD3- E780 (eBiosciences 17A2) and anti-CD4-AF700 (eBiosciences 

GK1.5) before fixation and permeabilization with Cytoperm/Cytofix flowed by intracellular 

staining against anti-Foxp3-E450 (eBiosciences FJK-16s) and anti-RORγt-PE (eBiosciences 

B2D). For analysis related to cytokine, LPMC cells were stimulated with phorbol myristate 

acetate (PMA) and ionomycin with BD GolgiPlug for 3.5 hours. Following surface-marker 

staining with anti-CD3- E780 (eBiosciences 17A2) and anti-CD4-AF700 (eBiosciences 

GK1.5), LPMC cells were prepared as per manufacturer’s instruction with Cytoperm/

Cytofix (BD Biosciences) for intracellular cytokine evaluation of IL-17A (eBiosciences 

17B7) and IFNγ (eBiosciences XMG1.2).

Statistics

Microbiome analysis was performed in R studio (Boston, MA). Alpha and beta diversity 

was calculated using R package ‘phyloseq’22 while plots were constructed in ‘ggplot2’ 

or GraphPad Prism (San Diego, CA). Principal coordinate plots used the Monte Carlo 

permutation test to estimate the P-values. For taxonomic analysis, significance of microbial 

relative abundance was calculated using the nonparametric Mann- Whitney test and P-values 

were adjusted for multiple hypothesis with the false discovery rate algorithm. If paired 

analyses were applicable, Wilcoxon-paired rank test was used followed by Bonferroni 

multiple comparison correction. Hypothesis testing was done using two- sided test as 

appropriate at a 95% significance level.

Bacterial strains were quantified based on presence/absence of strain haplotypes (as defined 

by SNPs) by StrainFinder11. Strains present in WK4 samples were classified into four 

groups: derived from DON (present in DON but absent in PRE samples), derived from PRE 

(present in PRE but absent in DON samples), derived from WK4 (absent in DON and PRE 

samples), and derived from both DON and PRE (present in DON and PRE samples). T- test 

followed by Tukey multiple comparison correction was applied to strain analysis.

To test the efficiency of the core transferrable microbiota in determining clinical response 

to FMT, area under the curve (AUC) of receiver operating characteristic (ROC) curves, 

sensitivity, specificity, and P-values were computed using R (see Supplemental Methods). 

P-values were calculated from Mann-Whitney test to address the null hypothesis that the 

area under the ROC curves was 0.5.
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Results

Core transferable microbiota (CTM) define FMT clinical response

FMT has emerged as a promising therapy for UC, however defining the characteristics of 

a core group of transferable bacteria remain a critical need in identifying and developing 

more efficient microbial-based therapy. To determine the CTM in a cohort of patients 

with active UC, we performed deep shotgun metagenomic sequencing of 60 samples (20 

donor (DON); 20 recipients pre-FMT (PRE); and 20 recipients week 4 post-FMT, (WK4)) 

from a previously reported open-label trial of FMT for the treatment of UC8. Principal 

coordinate analysis (PCoA) based on beta diversity at the species-level (Bray-Curtis) 

showed that treatment groups (DON, PRE and WK4) had significantly different microbial 

composition (Supplementary Figure 1A). Consistent with our previously reported 16S rRNA 

analysis8, recipients’ microbial composition markedly shifted towards that observed in donor 

(Supplementary Figure 1A and B), irrespective of clinical response (Supplementary Figure 

1C). To determine microbial transferability and identify the core bacterial species acquired 

from donors, a Venn diagram approach was used (Figure 1A). Based on a patient prevalence 

cut off of ≥ 50% and microbial relative abundance cut off of ≥ 0.1%, 17 bacterial species 

were found to be part of the CTM (Figure 1A). To evaluate the magnitude of the CTM 

contribution to the recipients’ microbiota, the relative abundance of these 17 species were 

compared between DON, PRE and WK4. The CTM median relative abundance of WK4 

did not differ from that observed in DON, but was significantly higher than that found 

in recipients’ pre-transplant (Figure 1B). Since species-level analysis cannot determine if 

donors and recipients post-FMT share bacterial strains, we performed strain haplotype 

deconvolution using StrainFinder11 to evaluate if this CTM reflected the transfer of donor-

derived strains. On average, a total of 22 (standard error of the mean; SEM ± 2.37) distinct 

bacterial strains belonging to the CTM were detected in WK4 post-FMT samples of which 

52% (SEM ± 4.46) were found to be derived from donors and only 12.2% (SEM ± 

3.14) from PRE (Figure 1C). Collectively, these results provide evidence of a core set of 

transferable bacterial strains in patients with active UC following FMT.

We next sought to determine a potential relationship between the CTM and clinical response 

to FMT. In our cohort and similar to data from recent randomized clinical trial (RCTs), 

the primary endpoint of clinical response was achieved in 35% of participants (defined as a 

Δ Mayo score ≥ 3 with a rectal bleeding score ≤1) by week 4 post-FMT. No significant 

differences were detected in the median relative abundance of the CTM when WK4 

samples were compared between responders and non-responders (Figure 1D). Similarly, 

no significant correlation was observed between the increase in CTM relative abundance (Δ 

CTM) and decrease in Mayo score post-FMT (Δ Mayo, Supplementary Figure 1D).

To specifically identify the CTM associated with clinical response, Venn diagram 

analysis was performed by clinical response (responders, Figures 1E and non-responders, 

Supplementary Figure 1E). Twenty bacterial species were found to be part of the responders 

core transferable microbiota (RTM; Figure 1E). Of these 20 species, 12 were unique to 

responders (RTMunique, species marked in bold; Figure 1E), and therefore absent in the non-

responders core transferable microbiota (NRTM, Supplementary Figure 1E). Strain-level 
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analysis detected on average 25 RTMunique strains (SEM ± 4.1) in WK4 samples of which 

51 % (SEM ± 4.38) were derived from donors and only 14.04% (SEM ± 7.59) from PRE 

(Figure 1F). This analysis highlights the transferability of a core set of bacterial strains that 

correlate with clinical efficacy of FMT for UC.

We next expanded our analysis to the entire cohort to evaluate whether the relative 

abundance of the RTMunique is associated with UC disease activity. Changes in RTMunique 

relative abundance (Δ RTMunique) were found to correlate linearly with Δ Mayo 

(Supplementary Figure 1F) and a tendency for Δ MES (P = 0.055, Supplementary Figure 

1G). For internal validation and to test the ability of the Δ RTMunique in determining 

FMT clinical response, we generated ROC curves for AUC analysis using Δ RTMunique 

(Supplementary Figure 2A and 2B) as input to our FMT-response models. LOO-CV yielded 

an AUC of 0.87 (87% accuracy, sensitivity = 60%, specificity = 83%) and 100-by-Split-CV 

yielded an AUC of 0.82 (82% accuracy, sensitivity = 60%, specificity = 85%). To evaluate 

the reproducibility of these findings, delta relative abundance of the RTMunique taxa was 

determined in an independent study with 54 UC subjects receiving FMT therapy4 (Figure 

1G and Supplementary Figure 2C). The Δ relative abundance of the RTMunique in remitters 

was significantly higher than non-remitters at all time-points evaluated (WK4, WK8 and > 

8 weeks: final follow up). To test the generalizability of our predictive model, our original 

cohort was used in a model training for classifying clinical response of the validation cohort 

(Figure 1H). Δ RTMunique analysis robustly predicted clinical response in this independent 

cohort, which yielded an AUC of 0.8 (accuracy = 80%, sensitivity = 60%, specificity = 

80%).

IgA-coating of RTM-associated Odoribacter correlates with clinical response

Given the transferability of strains associated with clinical response observed above, we 

next sought to determine their potential contribution to mucosal immunity by sorting 

and sequencing IgA-coated bacteria (called IgA-seq)13 (Supplementary Figure 3A). The 

proportion of fecal bacteria coated with IgA did not change post-FMT (Figure 2A) and did 

not differ between responders and non-responders (Supplementary Figure 3B); however, 

the IgA-coated community of WK4 post-FMT was more diverse than PRE (Shannon 

index, Supplementary Figure 3C) and higher in responders than non-responders (Shannon 

index, Supplementary Figure 3D). Beta diversity analysis, based on unweighted UniFrac, 

revealed that IgA-coated microbial community of FMT-recipients (WK4) shifted toward that 

observed in DON (Supplementary Figure 3E). To define the set of IgA-reactive bacteria 

acquired from donors, the Venn diagram approach was applied to the IgA-coated bacterial 

community using a patient prevalence cut off of ≥ 50% and taxa relative abundance cut 

off of ≥ 0.1%. Twenty-nine IgA-coated ASVs were found to be shared by DON and WK4 

(Figure 2B). The median relative abundance post-FMT of these ASVs was found to be 

significantly higher in responders when compared to non-responders (Supplementary Figure 

3F). Of these 29 ASVs, Bacteroides (5 ASVs), Coprococcus (2 ASVs), Eubacterium (1 

ASV), Lachnospiraceae (4 ASVs), Odoribacter (1 ASV) and Ruminococcus (3 ASVs) were 

the only taxa to overlap with the RTM (Figure 1E and 2B).
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To confirm the transferability of these IgA-coated taxa in a model system of FMT, we 

transferred a 2-donor FMP into germ-free C57BL/6 mice, sorted and sequenced IgA-coated 

microbiota at week 7 post-transplantation (Figure 2C). Eleven donor-derived genera were 

differentially abundant in IgA-coated compared to non-coated bacteria (Supplementary 

Figure 4A), including species from the RTM belonging to Alistipes, Odoribacter and 

Ruminococcus genera (Figure 1E). Enrichment in the IgA-coated fraction was then assessed 

by IgA-coating index (ICI) analysis23 (Figure 2D). Of the donor-derived genera, only 

the relative abundance of Odoribacter at WK4 post-FMT (Supplementary Figure 4B) and 

its increase post-FMT (Δ Odoribacter, Figure 2E) was found to significantly correlate 

with decrease in Mayo score. Increase in Odoribacter post-FMT was also found in MES-

responders but not in non-responders (Supplementary Figure 4C). Together these data 

identify a core transferable microbiota that shapes mucosal immunity and highlight the 

potential role for IgA-coated Odoribacter as a member of the RTM that associates with FMT 

clinical response.

While high affinity IgA coating of certain key pathobionts are T cell dependent (TD)24, 

IgA coating of gut commensals can be T cell independent (TI)24, 25. To evaluate the role 

for T cells in IgA-coating of the transferable bacteria, donor microbiota was transferred 

to germ-free TCR βδ−/− and het littermate control mice. Microbial engraftment of donor 

material was similarly achieved in both TCR βδ−/− and het mice (Supplementary Figure 

5). RTM taxa enriched in IgA-coated fraction in het controls were similarly enriched in 

IgA-coated fraction of TCR βδ−/− mice (Figure 1E and 2D as well as Supplementary Figure 

4A). These results suggest that the RTM induce recipient IgA responses in a TI manner.

O. splanchnicus induces colonic iTregs and limits DSS colitis

To evaluate the potential mechanistic role for O. splanchnicus in the clinical efficacy of 

FMT for UC, O. splanchnicus was isolated by cloning single cell, IgA-coated isolates 

from recipient samples. The complete genome of a patient-derived O. splanchnicus was 

assembled de novo into seven contigs (4,712,004 base pairs) and most closely aligned to the 

reference strain O. splanchnicus DSM (Supplementary Figure 6).

To test the impact of O. splanchnicus in colitis, wild-type (WT) germ-free mice were mono-

colonized with patient-derived O. splanchnicus followed by 2% dextran sodium sulfate ad 
lib (Figure 3A). To evaluate the specificity of O. splanchnicus effects in colitis, germ-free 

mice were also colonized with recipient-derived isolates of either B. producta (non-IgA 

inducer) or A. finegoldii species (Alistipes sp. were found to be members of the CTM 

detected in both responders and non-responders; Figure 1E, 2C and 2E). Colonization was 

assessed on day 7 post-colonization (Supplementary Figure 7A). While WT germ-free and 

mice mono-colonized with either A. finegoldii or B. producta succumbed to DSS-induced 

colitis, O. splanchnicus colonization was sufficient to prevent significant weight loss and 

reduced fecal lipocalin (Figure 3A). These results show the specificity of O. splanchnicus, 

but not A. finegoldii nor B. producta, in protecting mono-colonized mice from the severity 

of DSS induced colitis.

Next, we assessed the impact and specificity of O. splanchnicus isolate on intestinal 

immunity by mono-colonizing 6- to 8-week old WT germ-free mice with patient-derived 
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O. splanchnicus, A. finegoldii or B. producta for 21 days (Figure 3B and Supplementary 

Figure 7B). Analysis of colonic CD4+ T cells revealed a significant induction of RORγt+ 

Foxp3+ by O. splanchnicus as well as an increased ratio of Foxp3+ RORγt+ to RORγt+ 

CD4+ T cells following 21 days of colonization. While B. producta induces RORγt+, but not 

Foxp3+ RORγt+, A. finegoldii induces Foxp3+ RORγt+ CD4+ T cells to equivalent levels of 

that observed in O. splanchnicus (Figure 3B).

We next evaluated if mucosal T cell responses from patients’ rectal biopsies correlated 

with the relative abundance of Odoribacter-IgA+. Foxp3+ CD4+ T cells positively correlated 

with both Odoribacter-IgA+ relative abundance on WK4 post-FMT (Supplementary Figure 

8A), and also with increase in Odoribacter-IgA+ post-FMT (Δ Odoribacter, Figure 3C). No 

significant correlation was found for Δ relative abundance of Alistipes- or Blautia ASVs 

identified in IgA analysis (Supplementary Figure 8B). Additional analyses were done for 

Odoribacter, but no significant correlation was found for RORγt or IL-17 CD4+ T cells 

(Supplementary Figure 8C).

To test if lymphocytes played a critical role in O. splanchnicus mediated protection from 

colitis, WT and RAG1−/− germ-free mice were mono-colonized with O. splanchnicus for 7 

days followed by 6 days exposure to 2% DSS. Despite equal colonization between WT and 

RAG1−/− mice (Supplementary Figure 9A), O. splanchnicus failed to prevent weight loss 

and gut inflammation as measured by fecal lipocalin in the absence of lymphocytes (Figure 

3D).

IL-10 induced by O. splanchnicus is required to limit inflammatory Th17 cells and colitis

IL-10 is a key regulatory cytokine for intestinal homeostasis and regulatory T cell function. 

Mono-colonization of germ-free WT mice for 21 days with patient-derived O. splanchnicus 
was sufficient to induce il10 expression in colonic lamina propria cells and was significantly 

reduced in the absence of lymphocytes (Figure 4A). To assess the functional role for 

O. splanchnicus-induced IL-10 in regulating colitis, WT and IL10−/− mice were mono-

colonized with patient-derived O. splanchnicus for 7 days followed by 6 days exposure to 

2% DSS. In contrast to WT mice, O. splanchnicus failed to prevent weight loss and reduce 

lipocalin in IL10−/− mice (Figure 4B and C) despite equal colonization (Supplementary 

Figure 9B). Analysis of colonic lamina propria from IL10−/− mice also revealed an increase 

in single positive RORγt, IL-17+, and IFNγ+ CD4+ T cells and decrease in Foxp3+ T 

cells, as well as the ratio of Foxp3+ RORγt+ over RORγt+ CD4+ T cells compared to 

that observed in WT mice (Figure 4D and E). Together this data provides evidence that 

lymphocyte-dependent induction of IL-10 by O. splanchnicus restrains inflammatory T cells 

and is required for reducing the severity of DSS-induced colitis.

SCFA production by O. splanchnicus protects against colitis

SCFAs are bacterial metabolic products known to play a critical role in host-intestinal 

immunity and function26, 27 and previous reports have highlighted O. splanchnicus as a 

significant SCFA-producer28, 29. To determine the metabolic function of our clinical isolates, 

germ-free mice were mono-colonized with patient-derived O. splanchnicus, A. finegoldii 
or B. producta for 10 days. As expected, a significantly higher abundance of acetate, 
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butyrate and propionate was detected in cecal contents of O. splanchnicus mono-colonized 

mice compared to germ-free controls (Figure 5A). While B. producta mono-colonized mice 

had similar SCFA levels to that observed in germ-free mice, mono-colonization with A. 
finegoldii led to significantly higher production of acetate and lower butyrate and propionate 

compared to O. splanchnicus (Figure 5A).

To evaluate if O. splanchnicus production of SCFAs contributes to its protective effect in 

colitis, we colonized mice deficient in G protein-coupled SCFA receptors 43 (GPR43−/−) 

and 109a (GPR109a−/−) as well as het littermate controls with O. splanchnicus for 14 days 

and subjected them to 2% DSS treatment (Figure 5B, 5C, 5D and 5E). O. splanchnicus 
colonization in the presence of a complex microbiota limited the severity of DSS-induced 

colitis in het mice compared to littermates not colonized with O. splanchnicus (Figure 5B 

and 5E). This protection was significantly reduced in GPR109a−/− mice and completely 

lost in GPR43−/− mice as demonstrated by reduced survival and higher lipocalin (Figure 

5C, 5D and 5E). No differences in O. splanchnicus colonization were observed between 

GPR109a−/−, GPR43−/− and het littermate mice (Supplementary Figure 9C). Despite the 

GRP43 and GPR109 dependent protection (Figure 5C, 5D and 5E), SPF mice colonized 

with O. splanchnicus had similar levels of SCFAs in cecal contents compared to that of the 

littermate controls not colonized with O. splanchnicus in steady state (Supplementary Figure 

9D). Collectively, these results support a role for both metabolic and immune cell impact of 

O. splanchnicus in reducing the severity of colitis.

Discussion

Although FMT is an emerging therapy for the treatment of UC, there remains a critical need 

to define the composition and mechanism of the transferable microbiota associated with 

clinical response to optimize safety and efficacy of this therapy. The results presented here 

provide the first strain level analysis of FMT in UC participants and define a transferable 

microbiota associated with clinical response. Using deep metagenomic sequencing and 

strain tracking algorithms, we define a core set of donor-derived strains transferred to 

the recipient. Although engraftment has been suggested to prevent C. difficile recurrence 

through a mechanism of colonization resistance7, 30, engraftment alone is not a robust 

predictor of clinical response in UC8. Consistent with this, the overall transferred microbiota 

did not distinguish responders from non-responders. However, analysis stratified by clinical 

response allowed us to identify a unique set of 12 donor-derived transferable bacterial 

species that correlates with clinical response and robustly predicts response in the largest 

RCT of FMT for UC to date4. Our work highlights the potential for a core set of transferable 

bacterial markers to serve as a prognostic biomarker that can be evaluated in future studies.

In addition to transferability, rational design of microbial therapy for UC should focus 

on microbes that engage the immune system and help to restore intestinal homeostasis. 

IgA-seq has been developed as a method to identify sentinel microbiota that interact with 

the mucosal immune system8, 23, 31, 32. Adding this approach to our analysis, we identified 

the core set of donor-derived taxa coated with IgA in the recipient. Of these microbes, O. 
splanchnicus is the only microbe within the responders core that correlates with clinical 

response and highlights the potential impact of this taxa seen in independent cohorts33, 34 
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as well as mouse models of colitis and colorectal cancer35. In addition to revealing immune 

recognition of these taxa, IgA coating of transferable microbial strains may promote durable 

engraftment as well as spatial location in a complex microbiota to enable immune cell 

activation36, 37.

Our findings reveal a mechanistic role for O. splanchnicus in resolving UC, working through 

both cellular and metabolic effectors in limiting colitis. IL-10 is a key regulatory pathway in 

IBD and our findings reveal a role for O. splanchnicus induction of IL-10 in promoting iTreg 

and restraining inflammatory T cells in the lamina propria. With the efficacy of biologic 

therapy targeting IL-23 and inflammatory Th17 cells for UC38, 39, these findings may offer 

a durable non-biologic approach for this pathway of disease. In addition to the IL-10- 

and lymphocyte-dependent regulation, our results define a key functional contribution of 

O. splanchnicus production of SCFAs acting through GPR43 and GPR109a receptors. The 

function of SCFAs can have a pleiotropic impact in promoting healing during colitis by 

acting directly on epithelial cells and by modulating regulatory T cell responses40, 41. 

Adding to this complexity, the production and consumption of SCFAs are likely regulated 

by local factors including the binding of IgA. These characteristics of O. splanchnicus along 

with other unique aspects including outer membrane vesicles42, bile acid metabolism34, 

and antigen specific immunity may account for the protective ability of O. splanchnicus 
in contrast to other commensals that also induce IL10 and SCFAs. Emerging studies 

have begun to elucidate how IgA binding may regulate the metabolic function of the gut 

microbiota43, 44. The impact of metabolic effectors of the transferable bacteria raises the 

possibility that dietary manipulation may potentiate the clinical efficacy of fecal microbiota 

transplantation for IBD as recently demonstrated in a clinical trial targeting subjects with 

metabolic dysfunction45.

Collectively, this work provides the first evidence of transferrable, donor-derived strains 

that correlate with clinical response to FMT in UC and reveals O. splanchnicus as a key 

component, which mechanistically promotes protection through both cellular and metabolic 

function. These mechanistic features will help enable desperately needed strategies to 

enhance therapeutic efficacy of microbial therapy for UC.
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What you need to know

BACKGROUND AND CONTEXT

Fecal microbiota transplantation (FMT) is a promising therapy for ulcerative colitis (UC), 

but little is known about the transferable bacterial strains and their relevance to clinical 

response.

NEW FINDINGS

Our study reveals a core set of donor-derived transferable bacterial strains associated 

with clinical response that was predictive of response in an independent cohort of UC 

patients receiving FMT. Odoribacter splanchnicus, a critical member of the responder 

transferable bacteria and enriched in the IgA-coated microbiota, promoted both metabolic 

and immune cell protection from colitis.

LIMITATIONS

The set of transferable bacteria was defined based on clinical response from a pilot 

cohort, but robustly predicted response in a larger independent cohort. While the 

results presented her define the role for lymphocytes, IL-10 and short chain fatty acids 

in mediating O. splanchnicus protection, additional features that confer mechanistic 

specificity still need to be defined.

IMPACT

These findings reveal new potential strategies for improving microbial therapy for UC.
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Figure 1. Clinical response to FMT is associated with a core transferable microbiota.
(A) Venn diagram depicting the number of bacterial species unique to a single variable 

(DON, PRE or WK4) or shared by two, or all three variables. Microbial cut off for 

prevalence was defined as ≥ 50% and relative abundance as ≥ 0.1%. Heatmap depicting 

the relative abundance of the 17 species defined by the Venn diagram as being part of the 

CTM. (B) Boxplot comparing the median relative abundance of the CTM in DON, PRE 

and WK4 post FMT. **p < 0.01, ***p < 0.001, Wilcoxon-paired test (Bonferroni adjusted). 

(C) Proportion of bacterial strains detected on WK4 belonging to the CTM (17 bacterial 

species) shown in figure 1B. Strains detected on WK4 were categorized as derived from 

DON, PRE, DON and PRE, and WK4. Each dot represents a subject and error bars represent 

SEM. ****p < 0.0001, t test (Tukey adjusted). (D) Boxplot comparing median relative 

abundance of the CTM on WK4 between responders and non-responders. Boxplots present 

the median, 25th and 75th percentiles. (E) Responders Venn diagram depicting the number 
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of bacterial species unique to a single variable (Responders: DON, PRE or WK4) or shared 

by two, or all three variables. Heatmap depicting the relative abundance of the 20 species 

defined as being part of the RTM. Species marked in bold belongs to the RTMunique (n = 

12) and therefore absent in the NRTM. (F) Proportion of bacterial strains detected on WK4 

belonging to the RTMunique (n = 12) shown in figure 1F. Strains detected on WK4 were 

categorized as derived from DON, PRE, DON and PRE, and WK4. Each dot represents a 

subject (strain analysis for two patients is missing due to insufficient RTMunique genome 

coverage) and error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, t test (Tukey 

adjusted). (G) Paramsothy et al, 2017 cohort is shown (FMT patients n = 54; Δ based on 

final follow up time point). Boxplots present the median, 25th and 75th percentiles; **p 

< 0.01, Mann-Whitney test. (H) Receiver operating characteristics (ROC) curve of the Δ 

relative abundance shown in G. Prediction on Paramsothy cohort yielded an AUC of 0.8 

(80% accuracy, sensitivity = 60%, specificity = 80%). Mann-Whitney test P-value is shown.
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Figure 2. IgA-seq identifies donor-derived Odoribacter as an immune reactive bacteria associated 
with clinical response to FMT.
(A) Boxplot comparing the median percentage of IgA-coated bacteria in fecal homogenate 

of DON, PRE and WK4 groups. Boxplots present the median, 25th and 75th percentiles. 

(B) Venn diagram depicting the number of IgA-coated bacterial taxa unique to a single 

variable (DON, PRE or WK4) or shared by two, or all three variables. Heatmap depicting 

the relative abundance of the 29 taxa defined by the Venn diagram as being part of the 

IgA-coated transferable microbiota. (C) Gnotobiotic mouse model experimental design 

and IgA-sequencing strategy are shown. Germ-free mice, 6–8 weeks old, received fecal 

transplant from a 2-donor FMP. Fecal homogenate was filtered, blocked, and stained with 

cell-permeable DNA dye Syto BC and anti-IgA antibody. Samples were gated on the 

basis of forward scatter (FSC) and side scatter (SSC). (D) IgA coating index (ICI) was 

calculated for genera found to be differentially abundant between IgA+ and IgA− microbial 

communities of the humanized mice. (E) Correlation between IgA-coated Odoribacter and Δ 
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Mayo. Linear regression analysis revealed a significant correlation for Δ relative abundance 

of IgA-coated Odoribacter genus and Δ Mayo.
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Figure 3. O. splanchnicus induces iTreg and limits DSS colitis.
(A) Germ-free C57BL/6 WT mice were colonized with patient-derived A.finegoldii 
(Alistipes), B. producta (Blautia) and O. splanchnicus (Odori) for seven days and exposed 

to 2% DSS ad libitum for 6 days. Weight loss and levels of lipocalin in cecal contents are 

shown. Graphs show data from two independent experiments. Error bars represent SEM; 

****p < 0.0001, ANOVA test. Boxplots present the median, 25th and 75th percentiles; 

*p < 0.05, **p < 0.01, Mann–Whitney test (Tukey adjusted). (B) Flow cytometry 

of live CD4+ T cells was used to evaluate RORγt and Foxp3 expression in colonic 

lamina propria 21 days post-colonization. Mean percentages of RORγt, RORγt+Foxp3+, 

or RORγt+Foxp3+/ RORγt+ CD4+ T cells per colon is shown in germ-free or mice 

mono-colonized with patient-derived bacteria. Data are from one representative out of four 

independent experiments. Error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001, t test (Tukey adjusted). (C) Correlation between IgA-coated Odoribacter 
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and Δ Foxp3. Linear regression analysis revealed a significant correlation for Δ IgA-coated 

Odoribacter genus and Δ Foxp3. Lamina propria mononuclear cells (LPMCs) were isolated 

from rectal endoscopic biopsies taken pre and 4 weeks after FMT. Flow cytometry of live, 

CD4+ T cells was used to evaluate Foxp3. (D) Germ-free C57BL/6 WT or RAG1−/− mice 

were colonized with patient-derived O. splanchnicus for seven days and exposed to 2% DSS 

ad libitum for 6 days. Weight loss and levels of lipocalin in cecal contents are shown. Graphs 

show data from two out of three independent experiments. Error bars represent SEM; ****p 

< 0.0001, anova test. Boxplots present the median, 25th and 75th percentiles; *p < 0.05, **p 

< 0.01, Mann–Whitney test (Tukey adjusted).
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Figure 4. O. splanchnicus induces IL-10 to limit T cell inflammation and colitis.
(A) Germ-free C57BL/6 mice were colonized with patient-derived O. splanchnicus and Il10 
expression in the colonic lamina propria were measured 21 days after colonization. Graph 

shows data from one out of three independent experiments. Error bars represent the SEM. 

**p ≤ 0.01, t test. (B - E) Germ-free C57BL/6 WT or IL10−/− mice were colonized with 

patient-derived O. splanchnicus. Seven days post-colonization, mice were exposed to 2% 

DSS ad libitum for 6 days. Weight loss (B), and fecal levels of lipocalin (C) are shown. 

Flow cytometry of live CD4+ T cells was used to evaluate RORγt, Foxp3, RORγt+Foxp3+ 

(D) and IL17 as well as IFNγ (E) expression. Graphs show data from two independent 

experiments (WT, n = 8; IL10−/−, n =7). Error bars represent SEM; ****p < 0.0001, 

ANOVA test. Boxplots present the median, 25th and 75th percentiles; *p < 0.05, **p < 0.01, 

Mann–Whitney test. Bar plot error bars represent the SEM. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 

0.0001 t test.

Lima et al. Page 21

Gastroenterology. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. SCFAs production by O. splanchnicus limits colitis.
(A) Germ-free C57BL/6 WT mice were colonized with patient-derived A.finegoldii 
(Alistipes), B. producta (Blautia) and O. splanchnicus (Odori), respectively. Acetate, 

butyrate and propionate levels in cecal contents were assessed 10 days post-colonization. 

Error bars represent SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, t test (Tukey adjusted). 

(B-E) SPF GPR43−/−, GPR109a−/− and het littermate controls were colonized with patient-

derived O. splanchnicus and then exposed to 2% DSS ad libitum for 6 or 3 (GPR43−/−) days. 

Weight loss (B-D), percent survival (B-D) and lipocalin in the cecal contents (E) are shown. 

Graph shows data from one representative experiment (Het control, n = 10; Het Odori n = 

7; GPR109a−/− control, n = 6; GPR109a−/− Odori, n = 6; GPR43−/− Odori, n = 8; GPR43−/− 

Odori, n = 7). Error bars in weight loss graphs represent SEM; ****p < 0.0001, repeated 

measures ANOVA test. Survival analysis; *p < 0.05, **p < 0.01, log-rank (Mantel-Cox) test. 

Boxplots present the median, 25th and 75th percentiles, Kruskal-Wallis test.
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