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Host factors in the intestine help select for bacteria that promote health. Certain commensals can 

utilize mucins as an energy source, thus promoting their colonization. However, health conditions 

such as inflammatory bowel disease (IBD) are associated with a reduced mucus layer, potentially 

leading to dysbiosis associated with this disease. We characterize the capability of commensal 

species to cleave and transport mucin-associated monosaccharides and identify several 

Clostridiales members that utilize intestinal mucins. One such mucin utilizer, Peptostreptococcus 
russellii, reduces susceptibility to epithelial injury in mice. Several Peptostreptococcus species 

contain a gene cluster enabling production of the tryptophan metabolite indoleacrylic acid (IA) 

that promotes intestinal epithelial barrier function and mitigates inflammatory responses. 

Furthermore, metagenomic analysis of human stool samples reveals that the genetic capability of 

microbes to utilize mucins and metabolize tryptophan is diminished in IBD patients. Our data 

suggest that stimulating IA production could promote anti-inflammatory responses and have 

therapeutic benefits.

Introduction

The gastrointestinal tract microbiota are well appreciated for their importance to human 

health by aiding in immune development, metabolism, and pathogen clearance. Dysbiosis in 

this bacterial community is linked to the pathophysiology of a plethora of human illnesses, 

including inflammatory bowel disease (IBD) (Gevers et al., 2014), intestinal cancers (Kostic 

et al., 2013), obesity (Turnbaugh et al., 2009), diabetes (Kostic et al., 2015; Vatanen et al., 

2016), Parkinson’s disease (Sampson et al., 2016), and rheumatoid arthritis (Zhang et al., 

2015). Despite a growing understanding of this microbial community through deep 

sequencing (Human Microbiome Project, 2012), there is still little mechanistic insight into 

the relative contribution of each bacterial species towards promoting intestinal health. 

Concurrently, host factors are critical in establishing an ecosystem that promotes a beneficial 

relationship with the microbiota, including maintenance of anatomical and chemical barriers 

such as the mucus layer, production of bacterial nutrient sources, and bacterial recognition 

by immune cells (Hooper et al., 2012).

The intestinal mucus layer lies at the interface between bacteria and host epithelial and 

immune cells. Intestinal mucin is mainly composed of a single, highly O-glycosylated 

protein called mucin 2 (MUC2), which is produced by goblet cells and secreted into the 

intestinal lumen in a TLR- and NLRP6-dependent manner (Birchenough et al., 2016; 

Johansson et al., 2008; Wlodarska et al., 2014). In the large intestine, secreted mucins form a 

two-layered structure: the inner mucus layer, which is devoid of bacteria, and the outer 

mucus layer (Johansson et al., 2008). Within the outer mucus layer, commensals bind to and 

utilize mucin-associated sugars, which provide a rich source of nutrients for the bacteria.

The capacity of a commensal bacterium to utilize mucins as an energy source likely plays an 

important role in establishing a mucosal-associated niche. The initial isolation of the 

beneficial bacterium Akkermansia muciniphila based on its capacity to use mucin as a sole 

carbon source (Derrien et al., 2004) is an indication that further understanding of bacterial 

mucin utilization could be an effective strategy to identify potential health-associated 

commensals. Mucin is a glycosylated protein, with fucose or sialic acid terminating the 
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glycan chains (Tailford et al., 2015a). The fucosidase and sialidase activity of certain 

symbiotic bacteria, such as Bacteroides thetaiotaomicron, can liberate mucosal glycans 

without compromising the integrity of the mucus layer to support colonization (Martens et 

al., 2008; Martens et al., 2009). Further, sensing of microbial ligands by type 3 innate 

lymphoid cells stimulates the addition of fucose to mucin through the action of IL-22, which 

further supports colonization of commensal bacteria (Goto et al., 2014; Pickard et al., 2014).

Once established in the intestine, the microbiota influence host metabolism and immunity 

through metabolic activities such as the production of short-chain fatty acids from 

carbohydrate metabolism and tryptophan metabolites produced from amino acid metabolism 

(Wikoff et al., 2009). In mice, dietary lack of tryptophan leads to impaired intestinal 

immunity and dysbiosis of the microbiota (Hashimoto et al., 2012). Bacterial tryptophan 

metabolism leads to the production of potent bioactive metabolites, such as indole-3-

aldehyde, indole 3-propionate, and indole-3-acetic acid, that affect intestinal barrier integrity 

and immune cells in mice through the activation of the pregnane X receptor (PXR) and the 

aryl hydrocarbon receptor (AhR) (Lamas et al., 2016; Venkatesh et al., 2014; Zelante et al., 

2013). In a human study, patients with IBD exhibited reduced tryptophan metabolism, 

presumably due to an altered bacterial gut community (Lamas et al., 2016). IBD patients 

also have a thinner inner mucus layer and reduced glycosylation of MUC2 (Fyderek et al., 

2009; Larsson et al., 2011). These alterations in mucus production likely contribute to 

reduced commensal fitness, driving the microbial dysbiosis in IBD patients. Together, these 

observations suggest the relevance of intestinal mucins in establishing bacterial colonization 

and maintaining health-promoting functions of the microbiome, such as tryptophan 

metabolism (Fyderek et al., 2009; Larsson et al., 2011).

In this study, we hypothesized that a global understanding of bacterial mucin utilization in 

the intestine could yield insights into currently uncharacterized bacterial species with the 

potential to beneficially impact human health. We computationally identified commensal 

bacteria with the genetic capacity to utilize intestinal mucins as an energy source. We 

validated the computational prediction that members of the Clostridiales order can be 

prolific mucin degraders by functional in vitro growth assays. We identified a mucin-

degrading bacterium, Peptostreptococcus russellii, that significantly reduces susceptibility to 

chemically induced colitis in mice. Mechanistically, we show that several 

Peptostreptococcus species metabolize tryptophan to produce the metabolite indoleacrylic 

acid (IA), which has a beneficial effect on intestinal epithelial barrier function and mitigates 

inflammatory responses by immune cells. Finally, we show that the genetic capability of 

microbes to utilize mucins as an energy source and to metabolize tryptophan is altered in 

IBD patients.

Results

Targeted Computational Approach Identifies Mucin-Utilizing Bacteria in the Healthy 
Intestinal Microbiome

We analyzed metagenomic sequencing data to determine the genetic capacity of healthy 

human fecal-associated microbes to utilize intestinal mucin. Using foundational literature 

describing mucus utilization by commensal bacteria (Corfield et al., 1992; Marcobal et al., 
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2011; Martens et al., 2009; Nakayama-Imaohji et al., 2012), we manually generated a list of 

genes likely to be involved in mucin-associated O-glycan utilization. Mucin-utilizing genes 

were grouped into two families: those that cleave mucin-associated sugars (cleavage genes) 

and those required for uptake of the cleaved sugars (transporter genes). Secreted mucin-

associated O-glycans have long branched structures made up of N-acetylgalactosamine, N-

acetylglucosamine, and galactose, which are terminated by fucose or sialic acid residues 

(Figure 1A). We focused on these five monosaccharides and their transporters to assemble 

the seed gene list used in downstream analysis (Table S1).

We randomly selected 90 healthy subjects from the publicly available Human Microbiome 

Project (HMP) data set for analysis of their stool metagenomic data (Figure S1A). First, 

mucin cleavage and transporter seed genes were searched against all available bacterial 

genomes on NCBI, complete or draft, using BLAT (Kent, 2002) protein sequence search. Of 

the 30 most abundant genes (relative abundance of each gene in each species for each 

subject in the HMP data set), 14 were fucosidases or fucose transporters, suggesting that 

fucose cleavage and uptake is essential in the healthy microbiome (Figure S1B and Table 1). 

Surprisingly, mucin-associated cleavage genes were abundant in most taxa, whereas 

transporter genes showed selectivity for members of the Bacteroidales and Clostridiales 

orders (Figure 1B). Members of the Bacteroidales order encoded a high gene abundance of 

fucose and N-acetylglucosamine transporters, whereas members of the Clostridiales order 

showed a greater distribution and diversity of transporter gene abundance, encoding 

transporters for fucose, sialic acid, galactose, N-acetylgalactosamine, and N-

acetylglucosamine (Figure 1C and Table 2).

To test the computational prediction that members of the Clostridiales order are prolific 

utilizers of mucin-associated glycans, we screened 36 strains of bacteria belonging to the 

Clostridiales order for growth in minimal medium containing commercially available pig-

derived gastric mucin as a sole carbon source. Using B. thetaiotaomicron and A. muciniphila 
as positive controls (Derrien et al., 2004; Martens et al., 2009), we found that 64% of the 

tested species were able to grow in the minimal medium, suggesting that the mucus-utilizing 

capacity of the intestinal microbiome has been underappreciated (Figure 1D).

Mucin Utilization Screen Leads to Identification of Beneficial Bacterial Species

To determine whether mucin was a preferential energy source for these species, the 15 

strains that grew to a maximum OD600 greater than 0.15 within 48 h of growth in minimal 

mucin media were selected for growth comparisons in a minimal M9T medium or M9T 

medium containing 0.25% mucin (Figure 2A). A. muciniphila, Anaerotruncus colihominis, 
Marvinbryantia formatexigens, and Peptostreptococcus russellii showed enhanced growth in 

the presence of mucin (Figures 2A and 2B), suggesting that these strains robustly utilize 

mucin as an energy source. P. russellii exhibited a biphasic growth curve, suggesting 

exhaustion of a primary carbon source followed by a switch to mucin utilization (Figure 

2B). To test the hypothesis that these mucin-utilizing commensals could serve protective 

functions in the intestine, we examined the effects of these four strains in the context of 

dextran sodium sulfate (DSS)-induced colitis by administering bacteria to mice by oral 

gavage before and during DSS exposure (Figure 2C). As A. muciniphila is known to 
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promote intestinal wound repair and to have restitutive effects during DSS-induced colitis, 

we used this strain as a positive control (Alam et al., 2016). As a negative control, we used 

Clostridium butyricum, a Clostridiales species that did not grow in minimal mucin media 

(Figure 1D). As expected, administration of A. muciniphila resulted in reduced weight loss 

(p = 0.050) and reduced colon pathology (Figures 2D-2F). In addition, mice administered P. 
russellii showed significant protection from weight loss (Figure 2D) and reduced colon 

pathology, including reduced ulceration and decreased immune cell infiltration of the 

mucosa compared to PBS-treated mice (Figures 2E and 2F).

To more fully characterize the protective effect of P. russellii, we explored the role of this 

strain in regulating mucosal immunity prior to DSS exposure. Administration of P. russellii 
resulted in increased expression of the proliferation marker Ki67, goblet cell-specific 

secreted protein MUC2 (Muc2), and glycosyltransferase enzymes, Fut2, St6gal1 and 

B3gnt6, however, the expression of goblet cell lineage transcription factors were unaffected 

(Figure 3A and S2A-B). Goblet cell staining in colon tissue with an anti-MUC2 antibody 

and the lectin Ulexeuropaeus agglutinin I (UEA-I), which labels α-1,2 fucose residues, 

showed increased numbers of Muc2+ and Muc2+UEA-I+ goblet cells in the colonic mucosa 

of P. russellii and A. muciniphila treated mice (Figure 3B-D). Flow cytometry analysis of 

colonic epithelial cells showed that administration of P. russellii led to an increase in the 

percentage of α-1,2 fucose-positive (UEA-I reactive) goblet cells, suggesting an increase in 

mucin-associated fucose residues (Figure 3E). To confirm successful intestinal colonization 

of P. russellii after repeated oral gavage, we performed qPCR on DNA extracted from stool 

samples and observed a two-fold increase in the abundance of P. russellii in gavaged mice 

compared to control mice (Figure S2C). These data implicate P. russellii as a protective 

commensal that increases goblet cell number and mucin fucosylation, and mediates 

protection from DSS-induced colitis.

Peptostreptococcus Species Containing the fldAIBC Gene Cluster Produce Tryptophan 
Metabolites that Promote Barrier Function and Immune Tolerance

We used a comparative genomics approach to identify potential mechanisms underlying the 

protective effect of P. russellii. We used PacBio sequencing to obtain complete genome 

sequences of A. muciniphila, A. colihominis, M. formatexigens, C. butyricum, and P. 
russellii. We noted the unique presence of the phenyllactate dehydratase gene cluster 

(fldAIBC) only in P. russellii. This gene cluster was homologous to the fldAIBC cluster in 

Clostridium sporogenes, which is required for metabolism of phenylalanine and is 

hypothesized to be involved in the metabolism of other aromatic amino acids, including 

tryptophan (Dickert et al., 2002) (Figure 4A). Intriguingly, C. sporogenes metabolizes 

tryptophan to indole-3-propionic acid (IPA), a metabolite that protects mice from DSS-

induced colitis (Venkatesh et al., 2014).

We hypothesized that the presence of the complete fldAIBC gene cluster in P. russellii 
would enable it to metabolize aromatic amino acids, specifically tryptophan. To investigate 

this possibility, we used quadrupole time-of-flight (QTOF) mass spectrometry (MS) to 

analyze acetonitrile-extracted supernatant from P. russellii grown in rich medium. We 

detected the production of two tryptophan metabolites, indole 3-propionic acid (IPA, 
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190.087 m/z) and 3-indoleacrylic acid (IA, 188.071 m/z), and one phenylalanine metabolite, 

3-hydroxyphenyl propionic acid (HPPA, 167.071 m/z) (Figures 4B and S3A-S3C), and 

confirmed the identification of these metabolites using collision induced-MS/MS analysis 

(Figures S3D-S3F).

To determine whether the fldAIBC gene cluster is conserved in the Peptostreptococcus 
genus, we analyzed the genomes of two other Peptostreptococcus species found in the 

human intestinal microbiota, P. anaerobius and P. stomatis. P. anaerobius encoded the 

complete fldAIBC gene cluster, whereas P. stomatis lacked the initiator fldI but encoded the 

phenyllactate dehydratase fldABC (Figure 4A). Using QTOF MS, we found that like P. 
russellii, P. anaerobius also produced the tryptophan metabolites IPA and IA, whereas P. 
stomatis produced significantly lower levels, consistent with our genomic analysis (Figure 

4C and 4D). All three species produced equivalent amounts of the phenylalanine metabolite 

HPPA (Figure 4E).

Bacterial tryptophan metabolites such as IPA and indole acetic acid can affect intestinal 

barrier integrity and immune cells in mice through the activation of AhR or PXR 

transcription factors (Lamas et al., 2016; Venkatesh et al., 2014; Zelante et al., 2013). In the 

intestine, these metabolites are produced in the context of both the intestinal epithelium and 

immune cells; therefore, we tested the effect of IPA, IA, and HPPA on inflammatory 

responses in epithelial cells and macrophages. To determine whether these metabolites have 

an anti-inflammatory function, we treated bone marrow-derived macrophages (BMDMs) 

with IPA, IA, or HPPA followed by stimulation with lipopolysaccharide (LPS) and 

examined the production of IL-10, an anti-inflammatory cytokine, and TNF, a 

proinflammatory cytokine. Both IPA and IA significantly enhanced IL-10 production after 

LPS stimulation, and IPA significantly reduced TNF production (Figure 4F). Next we 

examined the effect of IPA, IA, and HPPA on epithelial cell differentiation and activation of 

AhR and PXR target genes. Murine-derived colon crypts were cultured in Matrigel to 

produce spheroids as previously described (Miyoshi and Stappenbeck, 2013). Colonic 

spheroids were allowed to differentiate in the presence of IPA, IA, or HPPA for 72 hours, 

after which epithelial cells were examined for gene expression changes. No overt changes in 

spheroid growth or size were evident (Figure S4A); however, genes involved in goblet cell 

function, such as Muc2, showed increased expression after treatment with IA (Figures 4G 

and S4B). Further, only IA induced the expression of the AhR target gene Cyp1a1 and 

neither IA or IPA induced expression of PXR target genes, Ugt1a1 and Mdr-1.

The ability of IA to enhance goblet cell function during epithelial differentiation and to 

promote IL-10 production in LPS-stimulated macrophages led us to investigate if the effect 

of IA on goblet cells would be maintained in the context of an inflammatory response. Given 

that a characteristic of intestinal inflammation is goblet cell exhaustion resulting in 

decreased mucus secretion, it is of interest to identify metabolites that can simultaneously 

promote anti-inflammatory cytokine production while promoting goblet cell differentiation 

and function. To study these potential effects in the context of both innate immune cell and 

epithelial inflammation, we established an in vitro co-culture system. Since inflammatory 

cytokines produced by innate immune cells in response to LPS (e.g., TNFα) reduce 

epithelial barrier integrity, this co-culture system allows the study of epithelial-immune cell 
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crosstalk during the inflammatory response. We thus co-cultured BMDMs with colonic 

spheroids in Matrigel under conditions that yielded normal macrophage and spheroid 

growth. In this culture system, colonic spheroids grew normally and macrophages could be 

seen extending pseudopodia within the Matrigel (Figures 4H, 4I, and S4C) even after 

treatment with metabolites (IPA, IA, or HPPA) and stimulation by LPS. Following LPS 

stimulation, RT-qPCR revealed that IA-treated co-cultures had increased Muc2 expression 

compared to the LPS-stimulated DMSO control (Figure 4J). IA treatment also had a potent 

anti-inflammatory effect on cytokines in the co-culture system, as shown by enhanced 

expression of Il10 and reduced expression of Tnf after LPS stimulation (Figure 4J). 

Consistent with these results, cytokine bead array analysis revealed that IPA and IA 

suppressed secretion of IL-6 and TNF and stimulated secretion of IL-10 in the co-culture 

(Figure S4D). Interestingly, in this co-culture system BMDMs produced 4-fold higher levels 

of IL-10 in response to LPS compared to when these cells were cultured independently 

(Figure S4D). Further, we verified that in co-culture only IA induces expression of the AhR 

target gene, Cyp1a1, and not PXR target genes (Figure S4E).

Indoleacrylic Acid Inhibits pro-inflammatory cytokine production in Human PBMCs

Serum metabolomics analyses of germ-free versus conventional mice have identified 

multiple microbial metabolites, including IPA, that presumably originate in the gut, 

suggesting that microbially produced metabolites can have a profound effect on both 

mucosal and circulating leukocytes (Wikoff et al., 2009). To understand the effect of IPA and 

IA metabolites on human immune cells, we used peripheral blood mononuclear cells 

(PBMCs) isolated from healthy individuals. PBMCs were treated with a dose titration of IPA 

and IA and then stimulated with LPS, after which cytokine production was assessed. In 

contrast to our findings in murine BMDMs, IPA had no effect on cytokine production in 

human PBMCs. IA had a significant effect on secretion of IL-1β (43 ± 14% reduction; 

Figure 5A) and IL-6 (33 ± 13% reduction; Figure 5B), but no effect on secretion of TNF 

(Figure 5C). More global analysis by RNA sequencing showed that IA treatment resulted in 

downregulation of genes involved in inflammation and oxidative stress (e.g., CD14, CCL2, 
MT2A, CYBB, IL6, and PTAFR) as well as genes involved in innate immune cell activation 

and/or differentiation (e.g., FPR2, LRRC25, CPM, MS4A7, and SLC7A7; Figure 5D). Gene 

set enrichment analysis confirmed a potent anti-inflammatory response induced by IA, also 

revealing enrichment of antioxidant pathways (Figure 5E).

IA treatment led to increased expression of target genes in the NF-E2-related factor 2 

(NRF2)-mediated antioxidant pathway (HMOX1, HS3ST2, TXNRD1, MGST1, ZNF643, 
EPS8, and TIPARP) and upregulation of the AhR-inducible gene CYP1A1 (Figure 5D). 

NRF2 is a transcription factor that activates cellular antioxidant response element (ARE) 

pathways, suppresses pro-inflammatory signaling pathways, and activates AhR signaling 

(Hayes et al., 2009; Li et al., 2008; Tsuji et al., 2012; Zhang et al., 2014). We validated the 

specific activation of NRF2 by IA (and not by IPA) in our in vitro murine colonic spheroids 

and BMDM co-culture system and using an NRF2-luciferase reporter in the RAW 

macrophage cell line (Figure S5A and S5B). In the murine co-culture system, LPS 

stimulation results in oxidative stress and IA treatment leads to significantly increased 

expression of NRF2 target genes including, heme oxygenase 1 (Hmox1) and 
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NADPH:quinone dehydrogenase (Nqo1); as well as NRF2 target genes involved in 

tripeptide glutathione synthesis, glutamate-cysteine ligase, modifier subunit (Gclm), and 

glutamate-cysteine ligase, catalytic subunit (Gclc; Figure S5A). Thus, microbial production 

of the tryptophan metabolite IA likely promotes antioxidant and anti-inflammatory immune 

responses at least in part through the activation of the NRF2-ARE pathway.

The relevance of NRF2 in IBD (Arisawa et al., 2008), coupled with a reduced availability of 

mucin-associated sugars in IBD patients (Fyderek et al., 2009; Larsson et al., 2011), 

motivated us to examine stool metagenomic samples from an IBD cohort to determine 

whether there was a difference in prevalence of mucus-utilization genes. Using a cross-

sectional cohort of IBD patients, we performed whole-genome sequencing (WGS) of fecal 

samples from 34 non-IBD controls, 56 individuals with ulcerative colitis (UC), and 72 

individuals with Crohn’s disease (CD). Similar to our HMP analysis, we used the mucin 

cleavage and transporter seed gene list to determine the abundance of genes predicted to be 

involved in mucin utilization (Table S1). Remarkably, both UC and CD patients had a 

reduced microbial genetic capacity to cleave mucin-associated fucose, with decreased 

abundance of the α-L-fucosidases D4LLN1 and D4LLN2 (Figure 5F, Table S1). Overall, 

individuals with CD showed extensive changes in the ability of their intestinal bacteria to 

utilize mucins (Figures S5C and S5D). During active IBD, the mucus layer has reduced 

barrier function and decreased glycosylation of the mucin peptide (Fyderek et al., 2009; 

Johansson et al., 2014; Larsson et al., 2011), and it has been postulated that the microbial 

changes seen in IBD are in part due to bacterial adaptation to the changes in mucin 

glycosylation (Png et al., 2010). Furthermore, we found increased abundance of transporters 

for N-acetylgalactosamine, N-acetylglucosamine, and galactose as well as increased 

abundance of peptidase E, a serine peptidase (Figures S5C and S5D). Together these 

observations suggest an increased availability of smaller mucin oligosaccharides (Larsson et 

al., 2011) and increased depolymerization of MUC2 through the action of serine peptidases 

in this cohort of IBD patients (Abreu et al., 2016; McGuckin et al., 2011).

We speculated that this alteration in mucin utilization would correlate with reduced 

colonization of the subset of microbes that metabolize tryptophan (using the fldAIBC gene 

cluster) in the intestine. We therefore assessed the extent of bacterial tryptophan metabolism 

in these samples by searching for the phenyllactate gene (fldAIBC) cluster in these fecal 

WGS data sets. The phenyllactate gene cluster was detectable in 9 of 34 (26.5%) non-IBD 

control samples, 7 of 56 (12.5%) UC patient samples, and 6 of 72 (8.3%) CD patient 

samples (Figure 5G). To determine the abundance of the gene cluster in samples that were 

positive for fldAIBC, we calculated the RPKM of each fld gene in the cluster and used the 

median to represent each individual’s fldAIBC RPKM (Figure S5E). Individuals with UC 

showed a significantly reduced abundance of the phenyllactate gene cluster (Figure 5H). 

Thus, there is a reduced presence and abundance of the fldAIBC gene cluster in IBD 

patients.

Discussion

Previous studies on mucus utilization by B. thetaiotaomicron and A. muciniphila have 

suggested that mucus utilization is reserved for a subset of the intestinal microbiota (Derrien 
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et al., 2004; Sonnenburg et al., 2005; Tailford et al., 2015a). However, we found that 64% of 

the tested strains belonging to the Clostridiales order were capable of growing on mucin as a 

sole carbon source. These findings suggest that the mucin-utilizing capacity of the intestinal 

microbiome has been underappreciated.

We assessed several mucin-utilizing bacteria for their ability to confer a protective 

phenotype to mice treated with DSS and found a difference in the protective capabilities of 

various bacteria in this model. Indeed, not all mucus-utilizing bacteria are beneficial. For 

example, mice on low fiber diets have an increase in microbial degradation of mucus, 

resulting in compromised intestinal barrier function (Desai et al., 2016). Furthermore, 

Ruminococcus gnavus can cleave sialic acid from mucin oligosaccharides in a manner that 

prevents other bacteria from utilizing the cleaved sugar, suggesting that this “selfish” glycan 

utilization strategy could contribute to the increased prevalence of R. gnavus in the mucus-

limited environment of the inflamed intestine in IBD patients (Tailford et al., 2015b). 

Nevertheless, P. russellii exhibited a protective effect against DSS-mediated colitis in mice.

We found that P. russellii uniquely encodes the phenyllactate gene cluster, homologous to 

one found in C. sporogenes. Mass spectrometry analysis of spent medium from P. russellii 
revealed that it is capable of metabolizing tryptophan to produce IPA and IA. The protective 

effect of P. russellii treatment during DSS colitis may be in part due to the production of 

these tryptophan metabolites, potentially leading to the increased differentiation and 

expression of goblet cell-associated genes such as Muc2. Initial stages of DSS-induced 

colitis are characterized by a compromise in mucus barrier integrity (Johansson et al., 2010), 

to which P. russellii-treated mice may be more resilient. Previous studies have also shown 

that tryptophan metabolites signal through AhR to promote IL-22 secretion or through PXR 

to regulate mucosal integrity (Lamas et al., 2016; Monteleone et al., 2011; Zelante et al., 

2013). Interestingly, these studies also showed that AhR and PXR regulated pathways are 

relevant for Muc2 gene expression in the intestine. PXR-deficient (Nr1i2 knockout) mice 

exhibit a leaky gut and reduced expression of Muc2 in the small intestine (Venkatesh et al., 

2014), whereas Ido1 knockout mice, which exhibit increased production of bacterially 

derived tryptophan metabolites, have increased expression of Muc2 in the vagina (Zelante et 

al., 2013). Here, we show that treatment of murine-derived colonic spheroids with IA results 

in potent activation of AhR and upregulation of Muc2 gene expression, further suggesting a 

link between AhR activation and goblet cell function.

A co-culture system consisting of mini-gut spheroid cultures and BMDMs allowed us to 

demonstrate that the effect of IA on Muc2 gene expression was maintained in an assay 

designed to simulate intestinal inflammation. This co-culture system showed that both IA 

and IPA promote secretion of IL-10 and inhibit TNF production following LPS stimulation. 

When BMDMs were cultured independently, IA had a minimal effect on TNF secretion and 

four-fold less IL-10 was produced compared to levels measured in co-culture, suggesting 

that the co-culture system allows cross-talk between epithelial cells and BMDMs that affects 

cytokine secretion in response to LPS. Even in the context of the LPS-stimulated co-culture, 

IA maintained its effect on Muc2 gene expression and increased IL-10 production, 

suggesting that IA may have an important anti-inflammatory function in the intestine. IL-10 

is critical to maintain goblet cell production of mucins (Hasnain et al., 2013) and mutations 
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in IL-10 receptors are associated with IBD (Begue et al., 2011). We have found that 

bacterially-derived IA can increase both IL-10 production and mucin gene expression.

Importantly, we confirmed that the anti-inflammatory functions of IA and IPA are relevant in 

human PBMCs. Surprisingly, IPA showed an anti-inflammatory effect in murine BMDMs 

but not in human PBMCs, suggesting that signaling pathways are not conserved in murine 

and human cells. To date most studies assessing tryptophan metabolite signaling through 

AhR and PXR have used murine models, and consequently the relevance of these pathways 

in human cells has been largely overlooked. We found that treatment of human PBMCs with 

IA, but not IPA, led to reduced IL-6 and IL-1β secretion in response to LPS stimulation and 

activation of the NRF2-ARE pathway, in addition to AhR activation, suggesting that IA may 

have an anti-oxidative and anti-inflammatory function in humans. We validated the 

activation of the NRF2 pathway in our murine co-culture system and find that IA treatment 

results in upregulation of i) NRF2 target genes, including Hmox1, ii) the AhR target gene, 

Cyp1a1, and iii) genes involved in tripeptide glutathione synthesis, Gclm and Gclc. 

Glutathione is one of the most important intracellular antioxidants and the enzymes involved 

in glutathione synthesis are deficient in IBD patients likely contributing to increased 

oxidative stress in the intestinal mucosa (Sido et al., 1998). Bacteria that encode the 

phenyllactate gene cluster can produce IA which reduces oxidative stress in the intestine, 

increasing microbial fitness while benefiting the host by promoting antioxidant processes.

Polymorphisms in NRF2 are associated with development of UC (Arisawa et al., 2008), and 

HMOX1, an NRF2 target gene, is upregulated during treatment with 5-aminosalicylic acid, a 

standard therapy for IBD patients (Horvath et al., 2008; Paine et al., 2010). NRF2 activation 

requires displacement of the cytosolic NRF2-KEAP1 (kelch-like ECH-associated protein 1) 

complex through covalent modification of cysteine thiols of KEAP1 by electrophiles (Hur et 

al., 2010). Although IPA and IA are structurally very similar, the double bond present in IA 

provides an electrophilic carbon that would be essential for NRF2 activation, similar to the 

mechanism of other NRF2-activating electrophiles such as tBHQ (Hur et al., 2010; 

O’Connell et al., 2016). These findings suggest targeting the NRF2-ARE pathway may have 

therapeutic benefit in IBD patients.

A recent study reported that IBD patients have reduced levels of fecal indole-3-acetic acid, 

suggesting that reduced tryptophan metabolism may contribute to the pathoetiology of IBD 

(Lamas et al., 2016). We add to this observation by showing that UC and CD patients show 

significantly reduced abundance of bacteria that can cleave terminal fucose residues from 

intestinal mucins using α-L-fucosidases, a finding that correlates with reduced abundance of 

the phenyllactate gene cluster involved in the production of IA and IPA. We suggest that 

mucins provide the sugar substrates to direct the colonization of health-promoting bacteria, 

such as tryptophan metabolizers. Supporting this hypothesis, recent studies have shown that 

microbial tryptophan metabolites such as indole-3-aldehyde, indole 3-propionate, and 

indole-3-acetic acid signal through AhR to increase IL-22 secretion by innate-like lymphoid 

cells and T cells, leading to protection from chemically induced colitis (Lamas et al., 2016; 

Monteleone et al., 2011; Zelante et al., 2013). IL-22 signaling leads to increased 

fucosylation of intestinal mucin (Pickard et al., 2014), perhaps creating a feedback loop in 

which the host promotes the fucosidase activity of specific commensals that in turn 
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metabolize tryptophan to produce beneficial metabolites such as IA. We propose that 

increasing production of IA by restoring tryptophan metabolism in the intestine could have a 

therapeutic effect in IBD patients by promoting anti-inflammatory responses.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the 

corresponding author Ramnik Xavier (xavier@molbio.mgh.harvard.edu).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Computational Analysis of HMP and PRISM Subjects—The mucin cleavage and 

transporter seed genes were first searched against all available bacterial genomes on NCBI, 

complete or draft, using BLAT (Kent, 2002) protein sequence search. Matches with more 

than 40% amino acid sequence identity, less than 1×10-5 e-value, and more than 50% 

aligned length were selected as a gene in the expanded gene pool. To quantify the relative 

abundance of each gene in each species for each subject in the cross-sectional HMP study 

(Human Microbiome Project, 2012), reads were removed for human DNA sequences and 

trimmed for quality as previously described (Gevers et al., 2014). Bowtie2 (Langmead and 

Salzberg, 2012) was then employed to map the reads onto the expanded gene pool using 

default settings. Paired reads with proper orientation and mapping quality more than 15 were 

counted towards coverage. GreenGene taxonomy was used to guide aggregation of coverage 

for higher levels such as genus and family. To quantify the relative abundance of genes, we 

first discarded the 100-bp regions near the 3′ and 5′ ends as they suffer bias introduced by 

hanging reads, we then used RPKM (reads per kilobase per million) as a proxy of gene 

relative abundance to account for different sequencing depths among samples and different 

gene length. PRISM samples were searched against the expanded gene pool in the same 

manner, and the number of reads were counted using the same thresholds and normalized to 

RPKM. The genes were hierarchically clustered using Pearson’s correlation coefficient over 

Euclidean distance on their relative abundance. Phenyllactate gene cluster presence and 

abundance was calculated by limiting that all 4 fld genes must be within a 6-gene radius to 

be considered part of the gene cluster. Each gene’s RPKM was determined and the median 

value was used as the sample’s fld gene cluster RPKM.

Human Subjects—Stools samples from control individuals or patients with CD or UC 

were drawn from the Prospective Registry in IBD Study at MGH (PRISM). Details of this 

patient registry have been described previously (Ananthakrishnan et al., 2014). All subjects 

were adult >18 years of age at enrollment. The specific cohort used for these analyses had 

samples from 56 UC, 72 CD, and 35 control individuals. When relevant, active CD was 

defined as a Harvey Bradshaw index > 4 or with active UC defined as a Simple Clinical 

Colitis Activity Index > 5. As the PRISM cohort is population based, and IBD is known to 

affect both genders and all ethnic and racial categories, no subgroup is excluded from study. 

The net incidence of IBD overall is about 1:1 for the genders and that is represented in the 

samples studies here. As the incidence of IBD is roughly equal between male and female 

patients, and there has been no previous association found with gender and IBD 
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microbiome, we did not include this variable in our analysis. Controls are pre-screened for 

eligibility and recruited prior to appointment. The study was approved by the Institutional 

Review Board of Partners Healthcare and all patients provided informed consent.

Mice and Dextran Sulfate Sodium Experiments—All animal studies were conducted 

under protocols approved by the Institutional Animal Care and Use Committee (IACUC) at 

Novartis Institutes for Biomedical Research (NIBR). Mice were maintained in specific-

pathogen-free (SPF) facilities at NIBR facilities in Cambridge, MA and housed in a single 

room under standard SPF conditions with 5 mice per cage. For all studies 8-12 week old 

female C57Bl/6J mice purchased from Jackson Laboratories were used. DSS was supplied 

in drinking water at 2% (w/v) for 7 days. For oral gavage, bacterial strains were grown in 

BHI plus medium (agar plates or 30 mL liquid culture) and after 48 h of growth, bacteria 

were scraped or centrifuged and re-suspended in reduced anaerobic PBS. Mice were orally 

gavaged with 100 μL of each indicated bacterial strain resuspended to an OD600 of 2.0, 

corresponding to 0.6-2 × 108 CFU. Unless otherwise stated, mice were subjected to oral 

gavage every other day with each bacterial strain or PBS for two weeks. Mice were allocated 

to experimental groups randomly. Investigators were blinded during weight loss and 

pathology assessment in DSS experiments. No statistical tests were used to predetermine 

sample size.

3D Spheroid and RAW Cell Cultures—Primary colonic epithelial stem cells were 

isolated from female C57Bl/6J mice, grown, and maintained as 3D spheroid cultures in 

Matrigel (BD Biosciences) as previously described(Miyoshi and Stappenbeck, 2013). Cells 

were kept in 50% L-WRN CM. Media were changed every 2 days and cells were passaged 

every 3 days (1:3 split). In experiments testing the effect of metabolites on spheroid gene 

expression, spheroids were split and 12,000 epithelial cell clusters were seeded in 30 μL 

matrigel in a 48-well plate. 100 μM of metabolite or 0.1% DMSO was added to 50% L-

WRN CM and spheroids developed over 24 h. Media was changed to 5% L-WRN CM, also 

supplemented with 100 μM of metabolite or 0.1% DMSO, and spheroids were given 48 h to 

differentiate in this medium. 5% L-WRN CM led to differentiation of spheroids as 

previously described(Miyoshi and Stappenbeck, 2013). Media was removed, washed 1x with 

PBS, and RLT buffer (Qiagen) was added to lyse cells for RNA extraction per the 

manufacturer’s instructions. RAW264.7 cells were obtained from ATCC and cell lines were 

tested for mycoplasma contamination every six months.

BMDM culture—To obtain murine BMDMs, femurs and tibias were harvested from 

female C57Bl/6J mice and marrow cores were flushed using syringes filled with RPMI 

1640/10% FBS. Cells were triturated and red blood cells (RBCs) were lysed with 1X RBC 

lysis solution (eBioscience). Cells were washed once in media, then plated and cultured in 

RPMI 1640 supplemented with 0.1 mg/mL penicillin/streptomycin, 10 mM HEPES, 0.001% 

β-mercaptoethanol, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM non-essential 

amino acids, and 10% FBS and in the presence of 30 ng/ml rmM-CSF (PeproTech). Cells 

were incubated for 7 days prior to use. On day 7, cells were scraped and washed with PBS 

and placed in RPMI/10% FBS. 96-well plates were seeded with 105 BMDMs/well and 

incubated with 100 μM IA, 100 μM IPA, 100 μM HPPA, or 0.1% DMSO for 6 h, then 20 
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ng/mL rmIL-4 (PeproTech) was added for 24 h, followed by 20 ng/mL LPS stimulation for 

18 h. Supernatants were collected and analyzed using a cytokine bead array mouse 

inflammation kit (BD Biosciences) according to the manufacturer’s instructions.

Co-Culture—Spheroids and BMDMs were prepared as described above. 6000 epithelial 

cell clusters and 105 BMDMs were seeded in 30 μL matrigel in a 48-well plate. 100 μM of 

metabolite or 0.1% DMSO was added to 50% L-WRN CM and maintained in this medium 

for 24 h. Media was changed to 5% L-WRN CM, also supplemented with 100 μM of 

metabolite or 0.1% DMSO, and spheroids were given 24 h to differentiate after which the 

co-culture was stimulated with 20 ng/mL LPS for an additional 24 h. Supernatant was 

collected for cytokine analysis as above. Remaining medium was removed, cells were 

washed 1x with PBS, and RLT buffer (Qiagen) was added to lyse cells for RNA extraction 

per the manufacturer’s instructions. For flow cytometry analysis, cells were dissociated in 

0.25% (w/v) trypsin solution for 15 min with intermittent vigorous pipetting at 37°C, then 

washed in DMEM/F12 containing 10% FBS, 0.1 mg/mL penicillin/streptomycin, and 2 mM 

L-glutamine.

Human PBMC Assays—Blood buffy coats were obtained from healthy male and female 

volunteers after informed consent. The study protocol and any amendments were reviewed 

and approved by an independent review board (New England IRB, Newton, MA, USA) 

before the start of the study. The study was conducted according to the ethical principles of 

the Declaration of Helsinki. PBMCs were freshly isolated from blood by Ficoll-Hypaque 

gradient centrifugation as previously described(Nair et al., 2012). PBMCs (105) were 

incubated in the presence of IA or IPA for 45 min and then stimulated with 1 ng/mL LPS 

purified from E. coli ECOR2 for 20-22 h. Supernatants were collected and analyzed using 

the cytokine bead array human inflammation kit (BD Biosciences) according to the 

manufacturer’s instructions.

METHOD DETAILS

Bacterial strains—Bacterial strains used in this study are as follows: Clostridium 
butyricum ATCC 19398, Clostridium ramosum ATCC 25582, Clostridium scindens ATCC 

35704, Clostridium tyrobutyricum ATCC 25755, Coprococcus comes ATCC 27758, 

Lachnospiraceae bacterium ATCC BAA2281, Ruminococcus gnavus ATCC 29148, 

Ruminococcus torques ATCC 27756, Bacteroides thetaiotaomicron ATCC 29148, 

Akkermansia muciniphila ATCC BAA835, Anaerotruncus colihominis DSM 17241, Blautia 
hansenii DSM 20583, Blautia hydrogenotrophica DSM 10507, Blautia producta DSM 2950, 

Catenibacterium mitsuokai DSM 15897, Clostridium aldenense DSM 19262, Clostridium 
asparagiforme DSM 15981, Clostridium bolteae DSM 15670, Clostridium hathewayi DSM 

13479, Clostridium hiranonis DSM 13275, Clostridium lentocellum DSM 5427, Clostridium 
methylpentosum DSM 5476, Clostridium spiroforme DSM 1552, Clostridium symbiosum 
DSM 934, Dorea formicigenerans DSM 3992, Eubacterium biforme DSM 3989, 

Eubacterium dolichum DSM 3991, Holdemania filiformis DSM 12042, Marvinbryantia 
formatexigens DSM 14469, Peptostreptococcus anaerobius DSM 2949, Peptostreptococcus 
russellii DSM 23041, Peptostreptococcus stomatis DSM 17678, and Ruminococcus obeum 
DSM 25238.
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Bacterial Growth Medium—Minimal mucin media was made with 0.5% porcine mucin 

(M2378, Sigma), 100 mM KH2PO4 (pH 7.2), 15 mM NaCl, 8.5 mM (NH4)2SO4, 4 mM L-

cysteine, 1% vitamin K1-hemin solution (Becton Dickinson), 100 μM MgCl2, 1.4 μM 

FeSO4·7H2O, 50 μM CaCl2, 1% trace mineral supplement (ATCC), and 1% vitamin 

supplement (ATCC). Minimal M9 media was purchased (Teknova) and supplemented with 

0.5% tryptone, plus or minus 0.25% porcine mucin (M2378, Sigma). Brain heart infusion 

medium (BHI) was purchased (Becton Dickinson) as agar or broth powder and made 

according to manufacturer’s instructions and supplemented with 1% vitamin K1-hemin 

solution (Becton Dickinson). BHI plus medium was supplemented with 5% heat inactivated 

fetal bovine serum, 1% vitamin K1-hemin solution (Becton Dickinson), 1% trace mineral 

supplement (ATCC), 1% vitamin supplement (ATCC), 3 mM D-(+)-cellubiose, 3 mM D-(+)-

maltose, 6 mM D-(+)-fructose) and 4 mM L-cysteine. Media were filter sterilized using a 

Millipore Express filter unit (0.22-μm pore diameter) with the exception of porcine mucin, 

which was autoclaved in dH20 and added after sterile filtration. A flexible anaerobic 

chamber (Coy Laboratory Products) containing 20% CO2, 5% H2, and 75% N2 and 

maintained at 37°C was used for all anaerobic microbiology steps.

Chemicals—Identified bacterial tryptophan and phenylalanine metabolites trans-indole-3-

acrylic acid (IA, Sigma), indole 3-propionic acid (IPA, Sigma), and 3-(4-

hydroxyphenyl)propionic acid (HPPA, Alfa Aesar), were purchased and dissolved in DMSO 

to a 100 mM stock concentration.

Histology and Immunofluorescence—The terminal 5 mm of the colon were excised, 

immediately submerged in Ethanol-Carnoy’s fixative at 4°C for 2 h and then placed into 

100% ethanol. Fixed colon tissues were embedded in paraffin and cut into 5 μm sections. 

Tissues were stained with Alcian blue/PAS to enumerate goblet cells per crypt. Paraffin 

embedded tissues Carnoys-fixed were deparaffinized and rehydrated. Antigen retrieval was 

performed in 10 mM citric acid pH 6.0 at 90-100°C. Immunostaining was carried out using 

an antibody against Muc2 (H-300, Santa Cruz) followed by incubation with an Alexa-

conjugated secondary antibody (Invitrogen) or the FITC conjugated UEA-I lectin (EY 

laboratories). Tissues were mounted using ProLong Gold® Antifade (Molecular Probes/

Invitrogen) that contains 4’,6’-diamidino-2-phenylindole (DAPI) for DNA staining.

Histopathological Scoring—The entire large intestine (colon) was removed, cut 

longitudinally and rolled into a Swiss Roll for histological analysis. Swiss rolls were fixed in 

10% buffered formalin and placed into 70% ethanol followed by paraffin embedding, 

sectioned and stained with hematoxylin and eosin (H&E). Swiss rolls were assessed for 

pathology along the entire length of the colon and every focus of inflammation was scored. 

Regions of ulceration larger than 1 mm were considered large ulcers and given a score of 5; 

small ulcers (< 1 mm) were given a score of 4. Regions of immune infiltration but an intact 

surface epithelium (no ulceration present) were scored based on whether immune cell 

infiltrate was seen only in the mucosa (low score = 1), infiltrate in the mucosa and 

submucosa with evident mucosal damage (medium score = 2), or transmural immune 

infiltration with evident mucosal damage (high score = 3).
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LC/MS Analysis of Peptostreptococcus Species Metabolites—Bacterial strains 

were grown in 5 mL BHI medium supplemented with 1% vitamin K1- hemin solution 

(Becton Dickinson). After 48 h, cultures were centrifuged at 3000 x rpm for 5 min to pellet 

bacteria. 4 mL of supernatant was mixed with acetonitrile in a 1:1 ratio. Magnesium sulfate 

(0.2 g/mL) and sodium acetate (0.05 g/mL) were added and mixed by vortexing and gentle 

shaking for 10 min followed by centrifugation at 3000 x rpm for 10 min. The organic phase 

was removed and placed in a pre-weighed vial and dried in a Genevac. Accurate mass 

LC/MS was performed on an AB Sciex TripleTOF 5600 operating in IDA mode. Delivery of 

mobile phases was performed using a Shimadzu Prominence series HPLC system with 0.1% 

formic acid in water (v:v) as mobile phase A and 0.1% formic acid in acetonitrile (v:v) as 

mobile phase B. Total organic extract of Peptostreptococcus spp. culture was solubilized at 1 

mg/mL in starting mobile phase (95:5, A:B) and 25 μg of material was separated over a 

Waters Acquity BEH C18 column (2.1 × 100 mm, 1.7 μm) coupled to a Waters Acquity 

BEH C18 VanGuard pre-column (2.1 × 5 mm, 1.7 μm). The column temperature was 

maintained at 40°C and samples were eluted with a binary gradient: 0-2 min, 5% B; 

2-22min, 40% B; 22-28 min, 100% B; 28-32 min, 100% B; 32-32.5 min, 5% B, followed by 

an additional 3 min at 5% B for post-run equilibration. Flow rate was maintained at 0.3 

mL/min throughout the run. Data analysis was performed using PeakView 1.2 software. IPA, 

IA, and HPPA were absent from media blanks (data not shown).

Quantitative RT-PCR—The terminal 2-3 mm of the colon were excised, immediately 

submerged in RNAlater (Qiagen) and stored at 4°C overnight and then at -80°C for 

subsequent RNA extraction. RNA was extracted using RNeasy Mini kit (Qiagen) according 

to the manufacturer’s instructions. RNA concentration was determined using a NanoDrop 

ND-1000 (NanoDrop Technologies) and reverse transcription was performed with the 

SuperScript III reverse transcriptase kit (Invitrogen) according to the manufacturer’s 

instructions. qPCR was performed with TaqMan Fast Advanced Master Mix (Invitrogen) 

using the following TaqMan probes (Invitrogen): Gapdh Mm99999915, Actb Mm02619580, 

Ki67 Mm01278617, Muc2 Mm01276696, IL10 Mm01288386, IL22 Mm01226722, Tnf 

Mm00443258, Fut2 Mm00490152, B3gnt6 Mm04204642, C1galt1 Mm01167001, St6gal1 

Mm00486119, Spedf Mm00600221, Cyp1a1 Mm00487218, Ugt1a1 Mm02603337, Abcb1b 

(Mdr-1) Mm00440736, Hmox1 Mm00516005, Gclm Mm00514996, Gclc Mm00802655, 

and Nqo1 Mm01253561. The reactions were run on a ViiA7 real-time PCR machine 

(Applied Biosystems) and changes in gene expression were calculated relative to Gapdh 
(tissue) or Actb (spheroid and co-culture) and the fold difference in expression was 

calculated as 2-∆∆Ct.

Flow cytometry—For staining of mouse cells (mouse or spheroid-derived), cells were 

stained with viability dye Zombie NIR (BioLegend) followed by blocking of Fc receptors 

with anti-mouse or anti-human CD16/32 (BioLegend). Cells were stained with surface 

markers CD326 (G8.8, BD Pharmingen) and F480 (T45-2342, BD Pharmingen), washed, 

and fixed with fixation buffer (eBioscience). Cells were permeabilized with 1x 

permeabilization buffer (eBioscience) and goblet cells were stained intracellularly with 

lectin from Ulex europaeus, UEA-I, TRITC conjugate (Sigma).
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Quantifying P. russellii from mouse stool—Bacterial genomic DNA was extracted 

from fecal pellets using MoBio PowerSoil DNA Isolation Kit. Quantitative PCR was 

performed using Power SYBR Green PCR Master Mix (Applied Biosystems) and a CFX96 

C1000 Touch Thermal Cycler (Bio-Rad). To identify a P. russellii-specific marker sequences 

for qPCR, we first called open reading frames (ORFs) in the assembled P. russellii genomic 

contigs using Prodigal (Hyatt et al., 2010) (default settings), identifying 1,806 ORFs. We 

then performed nucleotide-level search (Altschul et al., 1990) of ORFs against a databases of 

prokaryotic coding sequences (Huang et al., 2014). If an ORF had any hit in this process, it 

was flagged as non-unique. 725 P. russellii ORFs had such hits, leaving 1,081 ORFs as 

candidate P. russellii-specific markers. From among these candidates, we selected a putative 

HD superfamily hydrolase for qPCR. We further evaluated the uniqueness of this marker by 

checking primer specificity using Primer-BLAST (Ye et al., 2012) against all bacterial 

genomes and no other targets were found. Universal primers (5’-

GGTGAATACGTTCCCGG-3’ and 5’-TACGGCTACCTTGTTACGACTT-3’) (Atarashi et 

al., 2011) were used to measure total 16S rRNA per sample. P. russellii strain-specific 

primer set 298 (5’-GGAGAGCGAATATGAAGCCT-3’ and 5’-

CCCAGAATAAGCCATTTCCCT-3’) was designed by Geneious 10.0.9 for the 

amplification of a putative HD superfamily hydrolase. A standard curve was generated with 

six 10-fold serial dilutions of P. russellii genomic DNA starting at 10 ng per reaction. Primer 

set 298 was screened against closely related species, P. anaerobis and P. stomatis, to validate 

the specificity for P. russellii. Quantitative PCR was performed with 10 ng DNA per sample 

with the universal primer set and primer set 298. Abundance of P. russellii DNA and total 

bacterial DNA was calculated with the linear equation from the standard curve and were 

expressed as P. russellii putative HD superfamily hydrolase or universal 16S rRNA gene 

copies per 10 ng DNA.

RNA Sequencing—RNA was isolated from human PBMCs using an RNeasy Plus Mini 

Kit (Qiagen). The smart-seq2 protocol (Picelli et al., 2013) was modified for 20 ng total 

input RNA to generate cDNA libraries, which were read on a NextSeq500 (Illumina, San 

Diego, CA) per the manufacturer’s instructions. Paired end raw (fastq) reads from RNASeq 

were aligned against the Homo sapiens (USCS hg19) genome using TopHat + Bowtie 

(Langmead et al., 2009). HTSeq-count (Anders et al., 2015) was used to count the 

transcripts associated with each gene, and a counts matrix containing the number of counts 

for each gene across different samples and stimulations was obtained. The samples were 

normalized using the voom package (Law et al., 2014) and statistically analysed using linear 

models from the limma package (Ritchie et al., 2015). Differentially expressed genes 

between treatments were found using a linear model that included both treatment and donor 

effect and the significance threshold FDR < 0.05 was applied. In the heatmap representation, 

the donor effect was removed from the data and the values from replicate measurements 

from the same treatment and donor were averaged. Gene set enrichment analysis was 

performed using g:Profiler toolkit (Reimand et al., 2016) on the 1,000 most up- and down-

regulated genes, with ordered query option and filtering out GO terms with more than 1,000 

and fewer than 50 genes.

Wlodarska et al. Page 16

Cell Host Microbe. Author manuscript; available in PMC 2018 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NRF2 reporter—RAW264.7 cells were transduced with a lentivirus encoding a NRF2-

luciferase reporter construct (O’Connell et al., 2016). 100,000 cells per well were stimulated 

with 300 μM IA, 300 μM IPA, 12.5 μM tert-Butylhydroquinone (tBHQ), or DMSO for 45 

min followed addition of 20 ng/μl LPS and overnight incubation in a 96-well plate. The 

assay was quantified with the Steadylite Reporter system (Perkin Elmer) and fluorescence 

was measured with a Synergy H4 Hybrid Reader (Biotek).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise indicated, statistical significance was calculated by two-tailed Student’s t-

test using GraphPad Prism 7. For gene coverage in the HMP and PRISM cohort, each gene 

was tested for between-group significance using two-tailed Student’s t-test first, and p values 

were corrected for FDR using the Hochberg-Benjamini procedure. Unless otherwise 

indicated, ****p < 0.0001; ***p < 0.001; **p < 0.01; *p ≤ 0.05; ns (not significant) p > 

0.05. Unless otherwise indicated, results are expressed as mean values with standard error of 

the mean. Reported “n” in animal studies represents the number of animals used and in 

experiments with murine spheroids “n” represents the number of unique lines used for the 

experiments multiplied by the experiment replication number.
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Highlights

• Computational analysis identifies Peptostreptococcus russellii as a mucin-

utilizer

• Peptostreptococcus species produce the tryptophan metabolite indoleacrylic 

acid (IA)

• IA promotes intestinal epithelial barrier function and mitigates inflammatory 

responses

• Microbes of IBD patients have reduced ability to cleave mucins and 

metabolize tryptophan

Wlodarska et al. Page 22

Cell Host Microbe. Author manuscript; available in PMC 2018 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Computational approach to predict microbial mucin utilization
(A) Microbial scavenging of monosaccharides derived from mucin-associated 

oligosaccharides. Mucin 2 peptide is heavily glycosylated at Ser/Thr residues with 

oligosaccharides composed of N-acetylgalactosamine, galactose, sialic acid, N-

acetylglucosamine, and fucose. Bacterial genes relevant for mucin oligosaccharide 

utilization by commensal bacteria are listed in Table S1.

(B) Genus-level contribution to normalized read coverage from 90 HMP subjects for 

cleavage genes (left) and transporters (right). Blue font, order Bacteroidales; red font, order 

Clostridiales.
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(C) Distribution of transporter gene abundance in each genus. Colors at top indicate sugar 

transported by indicated gene: green, fucose; purple, sialic acid; orange, galactose; blue, N-

acetylglucosamine.

(D) Screen for in vitro growth in minimal medium containing mucin as the sole carbon 

source. Max OD600 values are shown for each strain as averaged across 3 independent 

experiments.

See also Figure S1 and Table S1.
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Figure 2. In vitro mucin utilization screen identifies Peptostreptococcus species that protects 
against DSS-induced colitis
(A) Bacterial strains were grown in minimal media containing glucose and 0.5% tryptone 

(M9T medium) or M9T supplemented with 0.25% mucin. Max OD600 values were 

compared to determine the fold change in growth.

(B) Growth curves of bacterial strains with greater than 2-fold increase in growth from panel 

A in M9T (black) compared to M9T + mucin (red). Data are representative of 2 independent 

experiments.

(C) Schematic for oral gavage of mice and 2% DSS time course.

(D) Percent mass change at day 7 of DSS exposure relative to weight at day 0. *P = 0.0128.

(E) Total histopathology score of the colon on day 7 of DSS exposure. A. muciniphila (**P 
= 0.0060); P. russellii (**P = 0.0036).
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(F) Representative images of H&E-stained colon sections from mice orally gavaged with 

PBS or indicated bacterial strains. Arrows, ulceration; #, transmural inflammation; *, 

mucosal immune infiltrate. Scale bar, 100 μm. Data represent one experiment, n = 10 per 

group. Significance determined using one-way ANOVA with Fisher’s LSD test and 

expressed as mean + SEM (D, E).
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Figure 3. P. russellii promotes goblet cell differentiation and function in vivo
Mice were orally gavaged with PBS, A. muciniphila, C. butyricum, or P. russellii every other 

day for 2 weeks and the distal large intestine was harvested for analysis.

(A) Quantitative RT-PCR showing expression of proliferation marker Ki67 (****P < 0.0001; 

*P = 0.0105) and goblet cell-derived mucin 2 (Muc2; **P = 0.0020; *P = 0.0275), relative to 

Gapdh. n = 10 per group. Data pooled from 2 independent experiments.

(B) Quantification of Muc2+ (**P = 0.0088; *P = 0.0418) and Muc2+UEA-I+ (***P = 

0.0009; *P = 0.0184) goblet cell number per crypt in the distal colon, n = 5 per group.

(C) Representative alcian blue and periodic acid-Schiff (AB/PAS)-stained distal colon 

sections showing goblet cell staining within the mucosa. Goblet cells are indicated by black 

arrows. Scale bar, 100 μm.
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(D) Representative epifluorescence staining for goblet cells in the distal colon using an 

antibody against Muc2 (green) and the lectin UEA-I (red) with DAPI (blue) as the counter 

stain. Scale bar, 100 μm.

(E) Intracellular flow cytometry analysis of isolated colonic epithelial cells (CD326+) shows 

increased presence of UEA-1+CD326+ double-positive cells in P. russellii-treated animals. 

The lectin UEA-1 binds α-1,2 fucose. Significance determined using Student’s t-test and 

expressed as mean + SEM.

See also Figure S2.
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Figure 4. IPA and IA are produced by some Peptostreptococcus species and IA exhibits anti-
inflammatory effects
(A) Bacterial genomic comparison showing phenyllactate operon in Peptostreptococcus 
species compared to a previously identified operon in C. sporogenes.

(B) MS QTOF analysis of culture supernatant from Peptostreptococcus species identified 

tryptophan metabolites (IPA, indole-3-propionic acid; IA, indoleacrylic acid) and a 

phenylalanine metabolite (HPPA, 3-hydroxyphenyl propionic acid).

(C-E) Ion chromatograms extracted at m/z and retention times of IPA (C), IA (D), and HPPA 

(E) were used to determine the relative abundance of each metabolite produced by 3 

indicated strains. See also Figure S3A-S3C. ****P < 0.0001, ***P = 0.0003. Data 

representative of 3 experiments and expressed as mean + SEM.

(F) Isolated and cultured BMDMs were treated with 100 μM of each metabolite or 0.1% 

DMSO control for 6 h, followed by 24 h of IL-4 conditioning, and then stimulated with 20 

ng/mL LPS for 18 h. Supernatants were analyzed for IL-10 (IPA, **P = 0.0032; IA, ****P = 

0.0001) and TNF (**P = 0.004) production. Data pooled from 4 independent experiments.

(G) Quantitative RT-PCR showing expression of Muc2 (*P = 0.0263), the AhR target gene 

Cyp1a1 (****P = 0.0001), and the PXR target genes, Ugt1a1 and MDR-1, relative to Actb 
and compared to 0.1% DMSO control. Data pooled from 2 independent experiments using 

4-5 independent colonic spheroid lines.

(H) Representative light phase image of large intestinal spheroids co-cultured with 

macrophages in Matrigel at 5X (left) and 40X (right) magnification. Arrows indicate 

macrophages with extended pseudopods.
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(I) Representative flow cytometry dot plot of F480+ macrophages and CD326+ epithelial 

cells in the co-culture system indicating the percentage of macrophages (80.0 ± 4.3%) and 

epithelial cells (16.0 ± 4.5%) after 3 days of co-culture, expressed as mean ± SD.

(J) Quantitative RT-PCR showing expression of Muc2 (**P = 0.0077), Il10 (**P = 0.0072), 

and Tnf (*P = 0.0477 for IPA; *P = 0.0148 for IA) in co-culture of large intestinal spheroids 

and BMDMs after 48 h of treatment with 100 μM IPA, IA, HPPA, or 0.1% DMSO control 

followed by 20 ng/mL LPS stimulation for 24 h. Data are pooled from 2 independent 

experiments using 4-5 independent colonic spheroid lines. Significance determined using 

one-way ANOVA with Fisher’s LSD test and expressed as mean + SEM.

See also Figures S3-S4.
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Figure 5. IA suppresses cytokine secretion by human PBMCs in response to LPS
(A-C) Human PBMCs were pre-incubated with IA or IPA for 45 min followed by LPS 

stimulation for 20 h. Collected supernatants were assessed by CBA for secretion of IL-1β 
(A), IL-6 (B), and TNF (C). Data are normalized to 0.1% DMSO control samples and 

pooled from 6 human healthy donors. **P < 0.01 by one-way ANOVA with Fisher’s LSD 

test; data shown as box and whisker plots with mean and min max values.

(D) Heatmap showing differentially expressed genes as identified by RNA-Seq (FDR < 

0.05) for human PBMCs treated with (IA) or without (DMSO). Donor effects have been 
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removed and values from replicate measurements from the same treatment and donors are 

averaged.

(E) Gene set enrichment analysis from RNA-Seq results on ranked lists of upregulated and 

downregulated genes.

(F) Abundance of mucin utilization genes in metagenomic data from controls and 

individuals with CD or UC. Significance determined using student’s t-test and FDR adjusted 

using Hochberg-Benjamini procedure.

(G) Incidence of phenyllactate gene cluster in controls and individuals with CD or UC; *P = 

0.028, CD vs. control comparison by Chi2 contingency table test.

(H) Abundance of phenyllactate gene cluster in controls and individuals with CD or UC; 

**P = 0.0049, UC vs. control comparison by student’s t-test.

See also Figure S5.
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Table 1
Mucin cleavage and transporter genes found in HMP subjects

30 most abundant mucin utilization genes found in HMP subjects.

UniProt ID Gene Name Organism

D7J3U9 Alpha-L-fucosidase 2 Bacteroides sp.

Q64NW2 ATP-dependent Clp protease proteolytic subunit/serine-type endopeptidase activity* Bacteroides fragilis

R7KV56 Alpha-L-fucosidase Bacteroides

B7GNN8 Alpha-1,3/4-fucosidase, putative Bifidobacterium longum

D7KA95 Alpha-L-fucosidase 1 Bacteroides sp.

Q89ZI2 O-GlcNAcase BT_4395 Bacteroides

Q64ZS0 L-fucose permease Bacteroides fragilis

A0A0P0LQS4 N-acetylglucosamine related transporter, NagX Bacteroides vulgatus

Q9L5W0 Mucin-desulfating sulfatase MdsA Prevotella sp.

E6SVB4 L-fucose transporter Bacteroides helcogenes

D4LLN2 Alpha-L-fucosidase Ruminococcus sp.

Q8A3I4 Alpha-L-fucosidase Bacteroides

Q8A5P6 Putative lipoprotein, alpha-L-fucosidase activity* Bacteroides

D4LLN1 Alpha-L-fucosidase Ruminococcus sp.

R5N5G7 Alpha-L-fucosidase Ruminococcus sp.

B5CQC8 PTS system, N-acetylglucosamine-specific IIBC Ruminococcus lactaris

B7GNN7 Uncharacterized protein, alpha-L-fucosidase activity* Bifidobacterium longum

R7EDR1 Alpha-L-fucosidase Roseburia sp.

A0A0Q0YMG3 Pts N-acetylgalactosamine transporter subunit IID Clostridium butyricum

A7B8B7 Alpha-L-fucosidase Ruminococcus gnavus

C6JCU1 Galactose/methyl galactoside import ATP-binding Ruminococcus sp.

P0AAG8 Galactose/methyl galactoside import ATP-binding Escherichia coli

U2NJT6 PTS system mannose-specific transporter subunit IID Clostridium intestinale

B2UN42 Exo-alpha-sialidase Akkermansia muciniphila

B2UPI5 Exo-alpha-sialidase Akkermansia muciniphila

B2UQL7 Glycosyl hydrolase family 109 protein 2 Akkermansia muciniphila

A8ANB2 Peptidase E Citrobacter koseri

B1JI47 Beta-hexosaminidase Yersinia pseudotuberculosis

P27297 Protein bax, amidase activity* Escherichia coli

P42640 Putative phosphoethanolamine transferase YhbX Escherichia coli
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Table 2
Transporter genes found in the Bacteroidales and Clostridiales order

UniProt ID Gene Name Organism

Q64ZS0 L-fucose permease Bacteroides fragilis

E6SVB4 L-fucose transporter Bacteroides helcogenes

R5TBE0 Transporter putative fucose permease Clostridium hathewayi

A0A0H2YS94 L-fucose:H+ symporter permease Clostridium perfringens

A0A0N9KQA4 Putative sialic acid transporter Clostridium perfringens

A0A0F0CAG7 Sialic acid TRAP transporter permease Clostridium sp.

P0AAG8 Galactose/methyl galactoside import ATP-binding Escherichia coli

C6JCU1 Galactose/methyl galactoside import ATP-binding Ruminococcus sp.

A0A0Q0YMG3 Pts N-acetylgalactosamine transporter subunit IID Clostridium butyricum

A0A099I9R0 Pts acetylgalactosamine transporter subunit IID Clostridium innocuum

A0A0P0LQS4 N-acetylglucosamine related transporter, NagX Bacteroides vulgatus

C4IM61 Pts system, N-acetylglucosamine-specific iibc Clostridium butyricum

A0A099I8F5 Pts N-acetylglucosamine transporter subunit IIBC Clostridium innocuum

B1BM12 Pts system, N-acetylglucosamine-specific IIBC Clostridium perfringens

A0A0H2YS35 Pts system, N-acetylglucosamine-specific IIBC Clostridium perfringens

B5CQC8 Pts system, N-acetylglucosamine-specific IIBC Ruminococcus lactaris

A0A099I4W2 Pts mannose transporter subunit IID Clostridium innocuum

U2NJT6 Pts system mannose-specific transporter subunit IID Clostridium intestinale
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD16/32 BioLegend Cat#101301

anti-mouse CD326, G8.8 BioLegend Cat#118207

anti-mouse F480, clone T45-2342 BD Biosciences Cat#565410

TRITC Ulex europaeus, UEA-I, lectin Sigma Cat#L4889

FITC conjugated UEA-I lectin EY laboratories Cat#F-2201-2

Muc 2 antibody, H-300 Santa Cruz Cat#sc-15334

Secondary Antibody, Alexa Fluor 647 ThermoFisher Cat#A31573

Bacterial and Virus Strains

Clostridium butyricum ATCC ATCC 19398

Clostridium ramosum ATCC ATCC 25582

Clostridium scindens ATCC ATCC 35704

Clostridium tyrobutyricum ATCC ATCC 25755

Coprococcus comes ATCC ATCC 27758

Lachnospiraceae bacterium ATCC ATCC BAA2281

Ruminococcus gnavus ATCC ATCC 29148

Ruminococcus torques ATCC ATCC 27756

Bacteroides thetaiotaomicron ATCC ATCC 29148

Akkermansia muciniphila ATCC ATCC BAA835

Anaerotruncus colihominis DSMZ DSM 17241

Blautia hansenii DSMZ DSM 20583

Blautia hydrogenotrophica DSMZ DSM 10507

Blautia producta DSMZ DSM 2950

Catenibacterium mitsuokai DSMZ DSM 15897

Clostridium aldenense DSMZ DSM 19262

Clostridium asparagiforme DSMZ DSM 15981

Clostridium bolteae DSMZ DSM 15670

Clostridium hathewayi DSMZ DSM 13479

Clostridium hiranonis DSMZ DSM 13275

Clostridium lentocellum DSMZ DSM 5427

Clostridium methylpentosum DSMZ DSM 5476

Clostridium spiroforme DSMZ DSM 1552

Clostridium symbiosum DSMZ DSM 934

Dorea formicigenerans DSMZ DSM 3992

Eubacterium biforme DSMZ DSM 3989

Eubacterium dolichum DSMZ DSM 3991

Holdemania filiformis DSMZ DSM 12042
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REAGENT or RESOURCE SOURCE IDENTIFIER

Marvinbryantia formatexigens DSMZ DSM 14469

Peptostreptococcus anaerobius DSMZ DSM 2949

Peptostreptococcus russellii DSMZ DSM 23041

Peptostreptococcus stomatis DSMZ DSM 17678

Ruminococcus obeum DSMZ DSM 25238

Chemicals, Peptides, and Recombinant Proteins

Dextran Sulfate Sodium salt, colitis grade MP Biomedicals Cat#02160110

rmIL-4 Peprotech Cat#214-14

rmM-CSF Peprotech Cat#315-02

trans-indole-3-acrylic acid, IA Sigma Cat#I3807

indole 3-propionic acid, IPA Sigma Cat#57400

3-(4-hydroxyphenyl)propionic acid, HPPA Alfa Aesar Cat#A14567

porcine mucin Sigma Cat#M2378

1% vitamin K1-hemin solution Becton Dickinson Cat#212354

1% vitamin supplement ATCC Cat#MD-VS

1% trace mineral supplement ATCC Cat#MD-TMS

Zombie NIR BioLegend Cat#423105

Permeabilization buffer eBioscience Cat#00-8333-56

Fixation/Permeabilization concentrate eBioscience Cat#00-5123-43

tert-Butylhydroquinone, tBHQ Sigma Cat#112941

Critical Commercial Assays

Mouse Inflammation Cytokine Bead Array BD biosciences Cat#552364

SuperScript III reverse transcriptase kit Invitrogen Cat#18080051

TaqMan Fast Advanced Master Mix Invitrogen Cat#4444557

Human Inflammation Cytokine Bead Array BD biosciences Cat#551811

Deposited Data

Human PBMCs RNA seq data set GEO database Accession#GSE98884

Experimental Models: Cell Lines

RAW264.7 ATCC Cat#TIB-71

Oligonucleotides

See Table S2 N/A N/A

Software and Algorithms

Bowtie 2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

BLAT Kent, 2002 http://genome.ucsc.edu/cgi-bin/hgBlat

Other

Qiagen RNeasy Plus Mini Kit Qiagen 74136

Cell Host Microbe. Author manuscript; available in PMC 2018 July 12.

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://genome.ucsc.edu/cgi-bin/hgBlat

	Summary
	Introduction
	Results
	Targeted Computational Approach Identifies Mucin-Utilizing Bacteria in the Healthy Intestinal Microbiome
	Mucin Utilization Screen Leads to Identification of Beneficial Bacterial Species
	Peptostreptococcus Species Containing the fldAIBC Gene Cluster Produce Tryptophan Metabolites that Promote Barrier Function and Immune Tolerance
	Indoleacrylic Acid Inhibits pro-inflammatory cytokine production in Human PBMCs

	Discussion
	STAR Methods
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODELS AND SUBJECT DETAILS
	Computational Analysis of HMP and PRISM Subjects
	Human Subjects
	Mice and Dextran Sulfate Sodium Experiments
	3D Spheroid and RAW Cell Cultures
	BMDM culture
	Co-Culture
	Human PBMC Assays

	METHOD DETAILS
	Bacterial strains
	Bacterial Growth Medium
	Chemicals
	Histology and Immunofluorescence
	Histopathological Scoring
	LC/MS Analysis of Peptostreptococcus Species Metabolites
	Quantitative RT-PCR
	Flow cytometry
	Quantifying P. russellii from mouse stool
	RNA Sequencing
	NRF2 reporter

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND SOFTWARE AVAILABILITY

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table T3

