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Abstract

Intestinal proteases mediate digestion and immune signaling, while increased gut proteolytic 

activity disrupts the intestinal barrier and generates visceral hypersensitivity, which in common 

in irritable bowel syndrome (IBS). However, the mechanisms controlling protease function are 

unclear. Here we show that members of the gut microbiota suppress intestinal proteolytic activity 

through production of unconjugated bilirubin. This occurs via microbial β-glucuronidase-mediated 

conversion of bilirubin conjugates. Metagenomic analysis of fecal samples from patients with 

post-infection IBS (n=52) revealed an altered gut microbiota composition, in particular a reduction 

in Alistipes taxa, and high gut proteolytic activity driven by specific host serine proteases 

compared to controls. Germ-free mice showed 10-fold higher proteolytic activity compared with 

conventional mice. Colonization with microbiota from high proteolytic activity IBS patients failed 

to suppress proteolytic activity in germ-free mice, but suppression of proteolytic activity was 

achieved with colonization using microbiota from healthy donors. High proteolytic activity mice 

had higher intestinal permeability, a higher relative abundance of Bacteroides and a reduction 

in Alistipes taxa compared with low proteolytic activity mice. High proteolytic activity IBS 

patients had lower fecal β-glucuronidase activity and end-products of bilirubin deconjugation. 

Mice treated with unconjugated bilirubin and β-glucuronidase overexpressing E. coli, which 

significantly reduced proteolytic activity, while inhibitors of microbial β-glucuronidases increased 

proteolytic activity. Together, these data define a disease-relevant mechanism of host-microbial 

interaction that maintains protease homeostasis in the gut.

INTRODUCTION

Proteases constitute approximately 2% of the human genome and serve several important 

biological functions 1. Infectious, inflammatory, coagulation and neurodegenerative 

disorders have been attributed in part to aberrant signaling involving the actions of various 

proteases. The intestinal tract is enriched with a diverse repertoire of proteases of host, 

microbial and dietary origin. Tight regulation of proteolytic activity (PA) is necessary to 

prevent tissue injury. In the absence of this regulation, proteases can induce disruption of 

intestinal barrier function as well as the neuronal sensitization reported in irritable bowel 

syndrome (IBS) 2–4 and inflammatory bowel disease (IBD) 5,6.

Gastrointestinal infections are one of the most common events inciting the development 

of IBS, with the subsequent condition termed post-infection IBS (PI-IBS) 7. Infections 

promote an immune response and perturb the commensal microbiota. While some data show 

immune activation in PI-IBS patients 8, other work found no evidence for these changes 
9. Microbiota data have primarily been descriptive, and certain microbiota changes have 

been correlated with alterations in pathways associated with epithelial barrier function 
10,11. No disease-modifying therapies exist for IBS, with treatment largely limited to 

symptom control. Attempts to restore microbiota using fecal microbiota transplantation 

(FMT) have produced mixed results 12,13. Similarly, probiotic therapies have had limited 

success possibly due to the absence of a well-characterized, targeted mechanism 14.

Pancreatic secretions contain large amounts of digestive proteases and these secretions 

transit through the intestinal tract as chyme. Older studies have demonstrated significantly 
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higher PA in ileostomy contents compared to feces 15. Additionally, germ free (GF) and 

microbiota-depleted rodents demonstrate high fecal PA 16. These observations suggest that 

commensal microbiota directly or indirectly modulate gut PA. Serpins, elafins, siropins and 

miropins are recognized as inhibitors of specific protease activity 17–19; however, the broader 

endogenous regulation of PA in the intestinal tract is poorly understood. We hypothesized 

that microbiota perturbation induced by a gastrointestinal infection produces ineffective 

control of PA, allowing the development of PI-IBS.

One potential pathway for protease inhibition is through unconjugated bilirubin, a potent 

inhibitor of proteases 20. Bilirubin is deconjugated in the gut by microbial β-glucuronidase 

(GUS) enzymes 21, which have been shown to decrease trypsin and chymotrypsin activity 

in an in vivo colitis model 22. The microbiome and the metabolites it creates via enzymes 

like GUS suggest it may play a larger role in PA regulation than previously understood. We 

speculated that the healthy microbiota suppresses PA through gut microbial GUS activity, 

and that this activity would be impaired in patients with PI-IBS.

RESULTS

Fecal proteolytic activity associates with PI-IBS severity

Patients with C. jejuni infection were prospectively followed for potential development of 

PI-IBS. As shown in our recent epidemiological study, nearly 21% of individuals who 

were healthy before the infection fulfilled the Rome III criteria for IBS following infection 
23. We used a FITC-casein degradation assay to determine PA in fecal supernatants from 

PI-IBS patients and healthy volunteers 2,24. Thirty seven percent of PI-IBS patients were 

characterized as high PA (Fig. 1a). The characteristics of healthy volunteers and PI-IBS 

patients (including both high and low PA) are included in extended data table 1. Bowel 

movement frequency, stool form and ease of passage scores were all higher in high PA 

PI-IBS individuals compared to the low PA. We have previously demonstrated that high PA 

patients have greater symptom severity as well as higher colonic permeability 2.

High PA PI-IBS patients exhibit changes in intestinal microbiota

Fecal shotgun metagenomics was used to examine changes in gut microbiota composition. 

After adjusting for covariates (age, sex, BMI), high PA patients had differences in the 

beta diversity compared to low PA PI-IBS patients and healthy volunteers, indicating 

compositional differences in their microbiota (Fig. 1b). Additionally, high PA PI-IBS 

patients had lower alpha diversity, indicating decreased species richness and evenness 

compared to low PA PI-IBS and healthy volunteers (Fig. 1c). No major taxonomy shifts 

were observed at higher phylogenetic levels (phylum and class) with one family different 

from high PA in both healthy and low PA PI-IBS: Rikenellaceae (Fig. 1d, extended fig. 

1a). However, between all three groups, 14 unique bacterial species were found to be 

differentially abundant (q<0.1, Fig. 1e, colored red). Eleven taxa correlated with low 

PA status, with the top three species being Alistipes putredinis, Rumincoccus bromii, 
and Subdoligranulum (Fig 1f; correlation plots for additional differentially abundant taxa 

with q<0.1 are shown in extended fig. 1, b and c). When only high PA PI-IBS and 

healthy samples were compared, 9 differentially abundant taxa were identified, of which 
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3 were in higher abundance in healthy individuals (Fig. 1g). Interestingly, A. putredinis 
was universally absent in high PI-IBS patients but comprises ~5.0% of the proportional 

gut taxa in healthy volunteers. A. putredinis was also the only taxa that differentiated 

the high and low PA PI-IBS groups. A random forest machine learning algorithm with 

Boruta features identified six bacteria as important predictors of PA status: A. putredinis, 

Bacteroides ovatus, Collinsella aerofaciens, Clostridium bolteae, Dorea formicigenerans and 

Ruminococcus obeum (Fig. 1h). The ability of the modeling to predict PA status reported an 

AUCROC of 0.813 (Fig. 1i).

Luminal proteolytic activity is driven by host serine proteases

Although high PA has been described previously in IBS, the specific proteases involved 

have not been characterized. To identify human and microbial peptides and proteins, we 

developed an untargeted metaproteomics pipeline using Galaxy framework 25–27 (Fig. 2a). 

Of the peptides and proteins identified, 12% were assigned as proteases. Within high and 

low PA supernatants, 1413 and 2116 unique peptides were identified (supplementary table 

1 for description of proteomics database). 42% peptides in high PA and 36% in low 

PA fecal samples were of human origin. Only three peptides were differentially abundant, 

all of which were serine proteases of human origin, and all were higher in abundance 

in high PA fecal supernatants (Fig. 2b). Chymotrypsin-like pancreatic elastases 2A and 

3B both showed 4.5 greater and trypsin-2, a 2.5 greater log2fold abundance in high PA 

supernatants. Serine proteases have been shown by us and others to disrupt barrier function 
2,4. Host colonic mucosa have also been shown to produce serine proteases, including in 

IBS patients 3,28. To determine mucosal expression, bulk RNA sequencing was performed 

on rectosigmoid colonic mucosal samples from high and low PA patients. No differences 

in expression of proteases or protease inhibitors were observed. See supplementary table 2 

for complete transcriptomics database. Additionally, proteomics was performed using the 

SOMAscan© platform.. Expression of several tissue-derived serine proteases was identified 

but no differences observed between high and low PA biopsies (Fig. 2c). Additionally, 

protease inhibitor protein abundance was similar (Fig. 2d). Lastly, we used various inhibitors 

to determine the proteases driving the PA. Only the serine protease (AEBSF, Nafamostat, 

UAMC-00050) and elastase (Elafin) inhibitors, but not cysteine (E64) and thrombin 

inhibitor (Dabigatran), suppressed the PA (Fig 2e).

High PA associated microbiota fail to suppress luminal PA

The differences in microbiota, as well as the identification of host proteases driving PA, 

led us to examine the role of commensal microbiota in regulation of host proteases. To 

model microbial effects, we used germ free (GF) mice (Swiss-Webster). When compared 

to specific-pathogen free mice, GF mice had 10-fold higher fecal PA, indicating that the 

intestinal microbiome plays a role in PA regulation (Fig. 3a). We next humanized GF 

mice with microbiota from a random set of high PA PI-IBS, low PA PI-IBS patients, and 

healthy volunteers (Fig. 3b). Mice humanized with healthy or low PA PI-IBS microbiota 

demonstrated significantly lower PA than mice humanized with high PA (Fig. 3, c and 

d). Humanization with healthy and low PA PI-IBS microbiota resulted in significant 

inhibition of PA, whereas high PA humanization showed no change Fig. 3e). In addition 

to measuring the overall PA using the FITC-casein assay, we assessed enzymatic activity 
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using preferential substrates for a range of serine proteases, and we found high activities 

for chymotrypsin, pancreatic elastase, and neutrophil elastase in both human donors and 

humanized mice (extended figure 2b). We also assessed the active PA in GF mice and 

found activity of trypsin-like, chymotrypsin-like, pancreatic and neutrophilic elastases were 

similar to high PA humanized mice (extended figure 2b). In situ zymography was used 

to assess colonic mucosal PA which also showed no differences between high and low 

PA biopsies (extended figure 3, a and b). Pellet frequency was similar between groups; 

however, high PA humanized mice had softer pellets when compared to healthy and low 

PA PI-IBS humanized mice (Fig. 3, f and g). Colonic length, cecal and mouse weight were 

similar among the three groups (extended figure 3c). Small bowel and colon histopathology 

were evaluated by an expert pathologist in blinded fashion. No gross differences in cellular 

morphology or distinction in immune cells (polymorphonuclear leukocytes, macrophages) 

in either the small intestine or the colon were observed between the different humanization 

states (extended figure 3d).

Mice humanized with high PA feces have higher intestinal permeability

Next, in vivo permeability assays were performed to investigate potential differences in 

permeability pathways between mice with distinct fecal humanized states. Differences in 

pore (<6Å), leak (<100Å) and unrestricted (no max) permeability pathways were measured 

by evaluating serum levels of the orally administered tracer molecules creatinine (6 

Å), 4kDa-FITC Dextran (28 Å) and 70kDa rhodamine B-Dextran (120 Å), respectively. 

Compared to healthy and low PA PI-IBS humanized mice, high PA humanized mice 

had greater serum creatinine and 4-kDa FITC-Dextran (Fig. 3, h and i). Serum levels of 

rhodamine B-Dextran were similar across groups, indicating that humanization with high PA 

microbiota did not cause increased permeability through the unrestricted pathway (Fig. 3j).

Absence of A. putredinis associated with high PA in mice

Mice humanized with either low PA or high PA microbiota were taxonomically and 

compositionally more similar within their given cohort than when compared against each 

other (Fig. 4, a and b). High PA humanized mice had lower alpha diversity than mice 

humanized with low PA or healthy volunteer microbiota (Fig. 4c). This indicates distinct 

microbiome composition between high PA PI-IBS and healthy or low PA PI-IBS humanized 

mice (Fig. 4d). Similar to human samples prior to colonization, no major differences 

were found at higher taxonomic levels post humanization with the exception of both 

Rikenellaceae and Bacteroidaceae decreased in high PA mice (Fig. 4e, extended figure 4). 

Differential abundance analysis found 32 taxa at the species level that were differentially 

abundant between the healthy volunteer and high PA PI-IBS, while 25 were differential 

between low PA and high PA PI-IBS humanized groups. A. putredinis was one of the seven 

taxa found to be in greater abundance in healthy and low PA PI-IBS humanized mice, while 

several species of Bacteroides were in greater abundance in high PA mice (Fig 4, f and g; 

for identification of labeled taxa see extended figure 5, a and b). A random forest machine 

learning algorithm again identified the genus Alistipes as a major predictor of low PA status, 

with A. putredinis as the most significantly associated species (Fig. 4h). Furthermore, an 

ROC curve with an AUCROC of 0.914 was generated (extended figure 5c). Nine predicted 

KEGG pathways were predicted to be significantly different between the healthy and high 
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PA groups (extended figure 5d). The top predicted pathways elevated in high PA humanized 

mice were “aromatic degradation” and “mineral and organic ion transport”, whereas the 

“polyamine biosynthesis” pathways were increased in healthy humanized mice (Fig. 4i).

Fecal microbiota restoration and A. putredinis supplementation restores protease 
suppression

Introducing microbial taxa associated with low PA into the microbiome of high PA 

individuals may serve as a potential way to lower PA. One strategy for introducing new 

taxa is through FMT using a healthy low PA donor. High PA PI-IBS humanized mice were 

administered either a vehicle control, or a fecal slurry made up of a healthy, low PA donor 

(1.62 BAEE units/mg protein). Fecal PA of FMT treated mice was significantly lower than 

that of untreated control mice (Fig. 5a) and significant inhibition of PA from baseline in 

FMT treated but not control mice. On measurement of specific activity, a reduction in the 

activity of all serine proteases except chymotrypsin and kallikrein was observed in mice 

given an FMT compared to the control group (Fig. 5b).

Mice given an FMT had greater alpha diversity (Fig. 5c) as well as beta diversity (Fig. 

5d) than vehicle controls indicating greater species diversity and changes in microbiota 

composition post-FMT. While no differences were observed at phyla and class taxonomic 

levels, Rikenellaceae, the family of A. putredinis, and 8 additional families were differential 

post-FMT (extended figure 6a). At the species level there were 35 differentially abundant 

taxa between the two groups post-FMT (Fig. 5e). Shifts in KEGG pathways post-FMT 

included increased “methane metabolism” and decreased “aromatics degradation” (Fig. 5f, 

q<0.1). Interestingly, metabolic by-products of aromatic degradation include amino acid 

derivatives like phenylethylamine, which are significantly increased in Crohn’s disease 29. 

Of the differentially abundant taxa, 13 were in greater abundance in the mice receiving 

FMT. Multiple species of the genus Alistipes were identified (Fig. 5g), which correlated to 

decreased fecal PA (extended figure 6b).

In humans and humanized mice, the presence of A. putredinis in the gut microbiota strongly 

predicted low PA status. We aimed to test if A. putredinis could reverse high PA phenotype 

by: (1) giving high PA humanized mice an FMT with a community containing A. putredinis 
(A.p.+) or with a community lacking A. putredinis (A.p.−); and (2) by adding A. putredinis 
directly to a high PA fecal slurry used to humanize mice. Mice given an FMT with an 

A.p.+ healthy community had a robust lowering of PA when compared to mice receiving an 

FMT with an A.p.− healthy donor community (Fig. 5h). The addition of A. putredinis to a 

high PA fecal slurry also attenuated the marginal increase that was seen with the high PA 

humanization (Fig. 5i).

GUS-mediated production of unconjugated bilirubin suppresses PA

The lack of a known protease inhibitor peptide led us to investigate an alternative 

mechanism by which luminal proteases could be regulated by the microbiome. Previous 

literature has correlated the presence of A. putredinis with fecal beta-glucuronidase (GUS) 

enzyme activity 30, and Alistipes GUS enzymes have been identified in the human 

and mouse gut microbiomes 21,31. Therefore, we investigated the fecal GUS activity of 
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high PA PI-IBS individuals. High PA PI-IBS patients had significantly lower fecal GUS 

activity compared to healthy or low PA PI-IBS individuals (Fig. 6a). We then employed 

an untargeted HPLC-MS/MS metabolomics approach to examine microbial GUS-related 

metabolites. While a number of differentially abundant metabolites were observed, high 

PA samples had significantly lower levels of urobilinogen (Fig. 6, b and c, q<0.05). 

Urobilinogen is generated only when conjugated bilirubin is first deconjugated by gut 

microbial GUS enzymes.

Increased GUS activity and urobilinogen levels in low PA individuals led us to test whether 

the administration of GUS could inhibit PA in mice. We monocolonized GF mice (which 

start with high PA) with either competent control Escherichia coli, or a modified strain 

of E. coli engineered to constitutively overexpress GUS (GUS+). Mice given the GUS+ 

E. coli had significantly lower PA than mice receiving a vehicle control gavage (Fig. 6d). 

Bilirubin mono- and di-glucuronides (conjugated bilirubin) are key endogenous substrates 

for gut microbial GUS enzymes. Unconjugated bilirubin has been shown to inhibit serine 

proteases in vitro 20. We tested the in vitro capacity of various metabolites in the bilirubin 

deconjugation pathway to inhibit purified trypsin. Only unconjugated bilirubin was able to 

suppress the PA significantly. Mesobilirubin and urobilinogen had some effect, but this was 

not statistically significant and conjugated bilirubin had no effect (extended figure 7, a and 

b). Enzyme kinetics and inhibitory concentrations for the tested bilirubin metabolites are 

provided in extended data table 2. Next, we determined the effects of unconjugated bilirubin 

on PA in vivo. We administered unconjugated bilirubin (200 μM) orally for 3 days in GF 

mice. This resulted in a significant reduction in trypsin-like activity when compared to 

untreated control mice (Fig. 6e). We also found that D-urobilin, an end product of bilirubin 

deconjugation was increased in GUS+ E. coli treated mice (ratio of control/treated= −12.3, 

p=0.001) (Fig. 6f). None of the other identified products of bilirubin metabolism pathways 

were statistically significant. Taken together, these data support the conclusion that both 

GUS and unconjugated bilirubin play important roles in reducing gut luminal PA.

Inhibition of gut microbial GUS enzymes increases host PA

We next inhibited gut microbial GUS activity in healthy humanized mice to determined 

effects on the PA (Fig. 6g). Mice receiving D-glucaro-1,4-lactone, a broad-spectrum but 

modestly potent inhibitor of GUS activity 32 demonstrated significantly higher PA than 

mice given a control gavage (Fig. 6h). These mice had decreased levels of bilirubin 

degradation product, C17H20N2O5 (ratio of treated/control=−10, p=0.03 Fig. 6f) and 

increased permeability for the 4kDa FITC dextran (extended figure 7c). We next employed 

UNC10201652, a more potent GUS inhibitor that exclusively inhibits gut microbial GUS 

enzymes 33. Using a similar dosing strategy (Fig. 6g), healthy humanized mice given 

UNC10201652 demonstrated significantly higher PA compared to control animals (Fig. 

6i). Thus, the robust increases in PA produced by GUS inhibitors, and specifically by 

UNC10201652, indicates that the microbiome is critical for regulation of host PA and 

microbial GUS activity is clearly important for reducing luminal PA in vivo (extended figure 

7d).
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DISCUSSION

Imbalance in intestinal proteolytic activity has been demonstrated in variety of conditions, 

including IBS 2,3,28,34,35, IBD 5,6,36,37 and celiac disease 18,38,39. However, the regulation 

of PA in the intestinal tract is not well understood. Here we demonstrate that specific 

proteases of host-origin drive PA and that commensal microbes inhibit proteases through gut 

microbial β-glucuronidase-mediated production of unconjugated bilirubin. A characteristic 

feature of high PA phenotype was the absence of commensal A. putredinis, and introduction 

of A. putredinis containing low PA community into high PA mice or supplementing with 

A. putredinis alone can suppress the PA. These observations support the conclusions that 

PI-IBS pathophysiology is driven by loss of critical microbes following intestinal infection, 

which result in an impaired bilirubin deconjugation and weakened inhibition of specific 

serine proteases.

Due to the complexity of the luminal environment in the GI tract, it has been difficult to 

assign the nature or origin of proteases that become elevated in disease states. While high 

and low PA patients have microbiota differences, fecal metaproteomics did not identify 

any major differences in the abundance of bacterial proteases. Previous work has in fact 

shown that human derived proteases make up the bulk of fecal proteases 35. The intestinal 

epithelium has been identified as a source of luminal proteases, specifically trypsin-3 28. 

Furthermore, IBD patients have been found to have elevated tissue elastase and thrombin 

activity 2. Here we found no transcriptomic or proteomic signatures of activated immune 

pathways, making it likely that intraluminal proteases are not driven by immune cells. 

Further, mucosal PA was similar between high and low PA colonic biopsies.

Because intestinal infection and subsequent antibiotic use likely depletes microbiota 

diversity, we speculated that this feature plays an important role in PA regulation. The 

presence of A. putredinis was the strongest predictor, with high PA patients demonstrating 

absence of this microbe compared to its 3–5% prevalence in healthy and low PA PI-IBS 

patients. Alistipes is a genus of Gram-negative, rod-shaped, non-spore forming anaerobic 

bacteria that currently consists of 13 species 40. Studies have shown the positive impact 

of Alistipes spp. as oral administration of A. finegoldii decreased colitis in a DSS- mouse 

model 41 and Alistipes enrichment associated with anti-inflammatory cytokine production 

in TNBS colitis in NOD2 knockout mice 42. In contrast, one study showed that the 

development of artificial sweetener-induced ileitis was associated with an increase in 

Alistipes abundance 43. Further studies are needed to clarify the roles Alistipes spp. play 

in microbiome dynamics and intestinal health.

Here, we employed GF mice to model the mechanistic influences of the microbiota on 

host-driven PA. Similar to older observations in GF rats 44, we found GF mice to have 

10-fold higher fecal PA compared to specific pathogen free mice. Humanization with 

healthy commensal microbiota significantly decreased the PA, which was not observed upon 

humanization with high PA microbiota. Additionally, high PA humanized mice had greater 

permeability through pore and leak pathways but not unrestricted pathways. This, along 

with the absence of gross inflammatory changes in the intestine, suggest that the aberrant 

regulation of PA does not induce frank inflammation, similar to what is noted clinically in 
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IBS patients. One prior study has correlated fecal PA with microbiota composition 45, and 

increased PA has also associated with increased permeability 24,34,46. Together with these 

previous observations, the current study demonstrates an essential role of microbiota-based 

inhibition of the PA, which protects the colonic epithelium from barrier disrupting proteases.

While microbiota restoration has been of interest for treating IBS, mixed results have been 

observed with probiotics 14 and FMT trials have largely been unsuccessful 12,47–49 with 

a few notable exceptions 13,50. In our mouse model, introduction of a healthy low PA 

community into high PA humanized mice via FMT caused a drop in PA and changes 

in both alpha and beta diversity. Interestingly, we also found that reduced PA was not a 

universal phenomenon after FMT with healthy donor communities, akin to the variabilities 

observed in clinical FMT studies. The presence of low PA predictors like A. putredinis was 

critical in lowering PA, as FMT from donors lacking these taxa did not result in suppression 

of PA. Recent studies have suggested that FMT engraftment depends on both the donor 

and recipient microbiome pre-FMT 51, and that successful treatment may be dependent on 

the presence of specific bacterial taxa 52. Additional studies are necessary to unravel the 

essential features of engraftment dynamics, as well as the key microbial taxa that associate 

with PA suppression and correction of barrier dysfunction.

Inhibition of host proteases could arise from microbial protease inhibitors, microbial 

influences on host protease inhibitors, and through changes in the luminal milleu 19,39,53. 

In a prior study, the presence of Alistipes was associated with bacterial β-glucuronidase 

(GUS) activity 30, which is critical for the deconjugation of bilirubin 30,54. Alistipes 
β-glucuronidases have also been established to be present in both the human and mouse 

gut microbiomes 21,31. Compared to the low PI-IBS individuals, high PA patients had both 

lower fecal levels of GUS activity and lower fecal levels of urobilinogen, an end product 

of deconjugated bilirubin metabolism 55. We demonstrate that unconjugated bilirubin, but 

not some of the other products in bilirubin deconjugation pathway, significantly decreased 

trypsin activity in vitro and in vivo 20. Furthermore, we show that E. coli with constitutive 

GUS expression suppresses PA in vivo and inhibition of GUS converts a healthy, low PA 

humanized mice into high PA.. The results we obtain identify a microbiome-dependent 

mechanism for host PA regulation and also provide an exciting potential therapeutic target 

for the treatment of the high PA associated with gut diseases.

Although specific taxa like A. putredinis predict low PA, further studies are required to 

determine if their presence is essential for suppression of PA. GUS enzymes are commonly 

expressed by bacteria 21,31 and there is significant variability in the efficiency of different 

gut microbial GUS enzyme orthologs in the processing substrates like estrogen 56–58. As 

bilirubin processing by microbial GUS enzymes has not been studied in detail, further 

studies will need to determine if certain taxa are more efficient at inhibition of PA via this 

deconjugation activity. It is also plausible that additional named or unnamed metabolites in 

bilirubin deconjugation pathway or metabolites other than those in bilirubin deconjugation 

pathway also play a role in inhibition of serine proteases.

The tissue and fecal proteomics assays are limited by sensitivity and may have missed 

low abundance proteases or protease inhibitors. Determination of specific proteases driving 
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the PA is limited by the poor specificity of the tracers as well as inhibitors. However, the 

complementary experiments using proteomics, substrate assays, inhibitors, all point towards 

trypsin and elastases as drivers of PA in these patients. Although humanized models have 

limitations in terms of immune development and the potential for incomplete engraftment 

of the donor microbiome 59,60, our model was found to be consistent with others 61 and 

was able to recapitulate the PA phenotypes, proteolytic profiles, and the physiological 

changes in permeability observed in humans. The complimentary human and mice findings 

presented here establish that the intestinal microbiome is critical for inhibiting host-derived 

proteases and maintaining barrier function through their GUS-mediated production of 

unconjugated bilirubin. They suggest that microbiota-based therapies may potentially target 

protease imbalances and the resulting phenotypes of impaired barrier function and visceral 

hypersensitivity in IBS and other gastrointestinal disorders.

METHODS

Study Design

The goal of this study was to determine the source and regulation of proteases within 

the gastrointestinal tract of individuals with high fecal proteolytic activity (PA). Within 

7 to 10 days of notification of Campylobacter cases, Minnesota Department of Health 

conducts interviews with patients or guardians who are culture positive. PI-IBS development 

was initially assessed by sending surveys to patients aged 18–80 years from 6 to 9 

months following a positive culture for Campylobacter species, recruiting individuals from 

November 1, 2011, to September 30, 2019. This was done by mail, or by telephone 

interviews for non-responders. Participants were then asked to complete ta Rome III IBS 

questionnaire. The identified patients were then invited for recruitment at Mayo Clinic 

where the study physician confirmed IBS and clarified all inclusion and exclusion criteria 

have been met and participants understand the instructions for collection of stool samples 

and metadata (bowel diary, psychological and other questionnaires). Healthy volunteers 

were recruited through advertisements. They completed a screening questionnaire to confirm 

absence of any ongoing GI symptoms or prior GI diagnoses. Both male and female 

participants were recruited for the study.

A total of 52 PI-IBS patients defined by Rome III criteria and 38 healthy volunteers were 

recruited in an observational study. The Rome III criteria were used to define IBS and 

its subtypes based on the presence of abdominal pain or discomfort at least 2–3 times a 

month and alterations in bowel function (stool consistency or frequency) for ≥6 months 

to demonstrate chronicity of symptoms62. Those with a history of abdominal surgery 

(except hernia, C-section, hysterectomy, appendectomy or cholecystectomy), inflammatory 

bowel disease, microscopic colitis, or celiac disease were excluded. Additionally, recruited 

volunteers were not pregnant at the time of the study. Use of tobacco or alcohol for 

the duration of the study was prohibited. Following medications were prohibited 7 days 

prior to study participation: those affecting gastrointestinal transit, serotonergic agents, anti-

cholinergic agents, antimuscarinics, narcotics, peppermint oil, antibiotics or new probiotics. 

Ingestion of artificial sweeteners such as Splenda™ (sucralose), Nutrasweet ™ (aspartame), 

lactulose or mannitol was prohibited for 2 days before the start and during the study. 
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All subjects taking part in the study were asked to complete the Hospital Anxiety and 

Depression Scale (HADS) and a 7-day bowel diary. All participants completed the Hospital 

anxiety and depression scale (HADS). PI-IBS patients also completed the Symptom 

Checklist-90 (SCL-90), IBS Symptom severity scale (IBS-SSS), IBS-quality of life (IBS-

QoL) questionnaire as well as the Long Bowel Disease questionnaire (BDQ). Validated 

IBS-Symptom Severity Scale (IBS-SSS)63 and IBS-Quality of Life (IBS-QoL) scales were 

used64. Established Bristol Stool scale was used to determine stool form65. For assessment 

of psychological symptoms, validated Hospital Anxiety and Depression scale were used66. 

Mayo Clinic Institutional Review Board approved human studies and all participants 

provided a written informed consent (IRB protocol: 12-006529; ClinicalTrials.gov identifier: 

NCT03266068). Fecal PA was evaluated in these individuals. Feces from the cohort were 

used to humanize germ free Swiss Webster mice under the Mayo Clinic Institutional Animal 

Care and Use Committee approved protocol (Protocol #A00003420-18-R20) after which 

relationships between microbiota, proteases and the mechanisms of inhibition of these 

proteases was evaluated.

Generation of fecal supernatant

Fecal supernatants (FSNs) were made fresh prior to each experiment. Feces from patients 

(0.1g) or mice (1 pellet) was added to 0.8mL of phosphate buffered saline (PBS) and 

subsequently homogenized with a pellet pestle for 5–10 seconds (Sigma-Aldrich, St. Louis, 

MO, USA). Homogenates were spun twice at 5,000 g for 10 min at 4°C and then added 

to a 0.22 μm Spin-X tube filter (Corning Life Sciences, Durham, NC, USA). Samples were 

filtered at 4°C, 10,000 g for 5 min and FSN was stored on ice until use.

Measurement of overall proteolytic activity

Pierce Fluorescent Protease Assay Kit (Thermo Scientific, St. Peters, MO, USA) was used 

to measure fecal PA of prepared FSNs in triplicate. A 5 μL sample of FSN was added 

to 195 μL of fluorescein isothiocyanate (FITC)-labeled casein in a 96-well black bottom 

plate. Samples incubated with substrate for 10 min at room temperature and subsequently 

read using a Synergy Mx Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA). 

Fluorescent intensity as a result of proteolytic digestion of FITC-casein was determined with 

a standard curve and then normalized to protein content in the FSN measured using the 

Bradford assay (Bio-Rad, Hercules, CA, USA). Fecal samples were categorized as high PA 

and low PA based on the cut-off for healthy volunteers. 90th percentile of healthy volunteers 

was used as the cutoff (>1078 BAEE/mg of protein). PI-IBS individuals were identified as 

either high or low PA came from an analysis of the distribution of PA in healthy volunteers 

which followed a log-normal distribution. Within the healthy volunteer cohort, there is a 

clear bimodality in the distribution, indicating the presence of two populations. We used 

a 90% threshold (>1078 BAEE/mg of protein) to define the right-sided distribution of the 

overall population as this subgroup within the healthy cohort was clearly different from the 

rest in their fecal PA. As a consequence of this, the cutoff of 90% was used and provides the 

biological and statistical rationale for categorizing PI-IBS subjects into either high and low 

PA groups.
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Measurement of activity of specific proteases

Trypsin-like, chymotrypsin-like, neutrophil elastase, pancreatic elastase and kallikrein 

proteolytic activities were measured using specific substrates N-p-Tosyl-Gly-Pro-Arg 

7-amido-methylcoumarin HCl (AMC), Suc-Ala-Ala-Pro-Phe-AMC, Suc-Ala-Ala-Pro-Val-

AMC, Suc-Ala-Ala-Ala-AMC and Pro-Phe-Arg-AMC respectively. FSNs (5 μL) were 

mixed with the specific substrate (100μM) in a buffer of Tris-HCl (50mM, pH 8.0) 

with CaCl2 (10mM). Substrate solution was automatically dispensed into a black bottom 

microtiter plate for a total reaction volume of 200 μL. Cleaved substrate was evaluated 

by change in fluorescence using a BioTek Synergy™ Mx Microplate Reader (Excitation/

Emission = 380/460), taking measurements kinetically at 37°C for 15 minutes. Enzymatic 

activity was calculated for each enzyme (nmoles/min) using a standard curve generated 

for free AMC which was then converted to specific activity (nmoles/min/μg) by using the 

protein concentration obtained using the Bradford method.

In vitro inhibition of high PA FSNs using protease inhibitors

AEBSF (Sigma Aldrich, A8456), nafamostat mesolate (Sigma Aldrich, N0289), elafin 

(Sigma Aldrich, E7280), dabigatran (Sigma Aldrich, SML2370), E-64 (Sigma Aldrich, 

E3132) and UAMC-0050 inhibitors were used in vitro to profile the proteases present in 

high PA and low PA FSNs. A 5μL sample of FSNs, prepared as previously described, was 

added to a 96-well black bottom plate containing 20μL of the tested inhibitor. Each inhibitor 

was tested at a final concentration of 100, 10 and 1μM in the wells. FITC-labeled casein 

(175μL) was then immediately added to the wells and allowed to incubate for 10 min at 

room temperature. Fluorescent intensity as a result of proteolytic digestion of FITC-casein 

was read. A standard curve was used to determine proteolytic activity which was then 

normalized to protein content in the FSN which had been previously measured Bradford 

assay, similar to the aforementioned measurement of fecal proteolytic activity.

In situ zymography

High and low PA distal colonic tissue was assessed for potential tissue contributions to 

PA. Biopsy sections (8μm) that were freshly embedded in OCT, sliced and allowed to 

air dry on microscope slides. These sections were then washed with PBS containing 2% 

Tween-20. The sections were then stained with a green-fluorescent SYTOX Green Nuclear 

Stain (ThermoFisher, S7020) for 15 minutes in a humid chamber at room temperature. The 

sections were then covered with a low melt agar overlay (0.3%) containing N-p-Tosyl Gly-

Pro-Arg 7-amido-4-methylcoumarin hydrochloride (100μg/mL) prepared in 50mM Tris-HCl 

pH 8.0 containing 10mM CaCl2. The substrate agar overlay allows for the visualization 

of localized tissue specific proteolytic activity. A single slide for each sample was then 

incubated at 4°C overnight and served as a background control for that sample while a 

paired slide incubated at 37°C overnight and served as the test slide. Fluorescence intensity 

was measured under the same settings for both the 4°C and 37°C incubated slides with 

images obtained using an epifluorescence microscope. Area corrected image intensities were 

collected using ImageJ Java 1.8.0_172 software and reported as the difference between the 

testing slide and the background control. Representative images were pseudocolored blue for 

nuclei and green for tissue enzymatic activity.
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Shotgun metagenomics of human samples

Sequencing—DNA is purified from human stool samples using MO BIO Laboratories 

PowerSoil DNA Isolation Kit, MP Biomedicals FastPrep-24 5G Homogenizer and an 

automated high throughput nucleic acid isolation system (Perkin Elmer Chemagic MSM 

I) based on proprietary M-PVA bead technology. The concentration measured using Qubit 

dsDNA HS Kit (PN Q32854 Thermo Fisher Scientific Inc., Waltham, MA). Libraries were 

sequenced on Illumina HiSeq 4000, PE150. Sequence reads post-processing and taxonomy 

calling. Raw reads were processed using BBDuk v38.73 67 to remove adapters and perform 

read quality filtering.

Bioinformatics—Processed reads were analyzed using the SHOGUN v1.0.8 taxonomy 

profiler 68, using the BURST aligner option 69. Profiling of the functional content 

was performed using SHOGUN v1.0.8 to obtain KEGG orthology entries, modules 

and pathways, as well as HUMAnN2 v2.8.1 70 using its UniRef90 database to obtain 

UniRef90 71 gene family abundance. Functional profiling against targeted databases was 

also performed using HUMAnN2, using the MEROPS peptidase database release 12.0 27,70.

Measurement of β-glucuronidase (GUS) activity

GUS enzymatic activity was measured using the substrate 4-Nitrophenyl-β-D-glucuronide 

(10mM, pH 7.0) 72. FSNs (50 μL) were dispensed in duplicate into a 96-well clear bottom 

plate. A plate dispenser was used to automatically add 50 μL of substrate to each well. 

The reaction was moved immediately to a BioTek Synergy™ Mx Microplate Reader, pre-

warmed to 370C. Plates were read at 405nm every 5 min for one hour. Concentrations of 

GUS (U/mg of protein) were determined based off a standard curve of pure GUS enzyme 

and standardized to the total amount of protein as determined by the Bradford assay.

Fecal metaproteomics

In-gel digestion—Gel bands were washed using 1:100mM ammonium 

bicarbonate:acetonitrile and subsequently dehydrated using acetonitrile. Proteins were 

reduced and alkylated using 10 mM dithiothreitol in 50mM ammonium bicarbonate and 55 

mM iodoacetamide in 50mM ammonium bicarbonate in dark, respectively. The gel pieces 

were washed with 1:1 acetonitrile:100mM ammonium bicarbonate and dehydrated with 

acetonitrile. Trypsin (5ng/μl in 50mM ammonium bicarbonate and 5mM calcium chloride) 

was added for in-gel digestion overnight at 37 °C. Peptides were extracted sequentially using 

50% acetonitrile 0.3% formic acid and 80% acetonitrile 0.3% formic acid. Peptides were 

desalted using the MCX-type STAGE tips (3M Empore SDB-XC filters) and dried in vacuo 
for storage at −80°C.

Liquid chromatography—An Eksigent 425 system was coupled to an AB Sciex 

TripleTOF 5600+ mass spectrometer. The liquid chromatography system uses a trap column 

(ChromXP 5 μm ChromXP C18CL 120 Å 10×0.3mm) and an analytical column (Eksigent 

3 μm ChromXP C18CL 120 Å 150×0.3mm). The analytical column temperature was 

maintained at 35 °C. LCMS grade solvents were purchased from Honeywell and composed 

of buffer A (0.1% formic acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile 

(v/v)). Peptides were reconstituted in 10μl 2% solvent B and 8μl was loaded at 10 μl/min 
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for 3 minutes onto the trap column. Analytical separation was established by maintaining 

3% B during loading. After a valve switch event, peptides were resolved using the analytical 

column at a flow rate of 5 μl/min with a linear gradient of 3–25% HPLC buffer B for 

38 minutes, followed by a 5 min linear gradient to 32% B. Following the peptide elution 

window, in 2 min the gradient was increased to 80% B for 3 min. Initial chromatographic 

conditions were restored in 1 min and maintained for 8 min.

Mass spectrometry—Peptides were ionized using the SCIEX DuoSpray ion source with 

a 50 μm ESI electrode. Data was acquired using an ion spray voltage floating of 5.5 kV, 

curtain gas of 35 PSI, GS1 of 19 PSI, GS2 of 15 PSI and an interface heater temperature 

of 75 °C. The Information Dependent Acquisition (IDA) mode was used to scan ions with 

charge states +2-+5 with intensity greater than 150 units. Exclusion time was 15 seconds and 

tolerance was set to 100 ppm. Survey scans (MS1) were acquired in 250 ms over a mass 

range 400–1250 m/z. Following the survey scan, twenty MS/MS spectra were acquired over 

a mass range 100–1500 m/z using a collision energy setting of 35 spreading 5 eV.

Colonic tissue proteomics

Biopsies were collected from the sigmoid colon and completed by a single endoscopist 

(MG). A flexible sigmoidoscopy was done following a tap water enema, with biopsies using 

a large capacity biopsy forceps (no pin) 25cm from the anal verge and immediately snap 

frozen in liquid nitrogen and stored at −80°C until use. These were cryopulverized using 

a freezer mill. 200uL of extraction buffer (T-PER tissue protein extraction agent, Thermo 

Scientific), plus 2 μL of Halt Protease Inhibitor Cocktail (Thermo Scientific) was added 

to each tube. Samples were homogenized on ice using an Omni PowerGen Homogenizer 

with Omni tips for soft tissues (Thermo Scientific) for 30 seconds until no fragments 

were visible. Samples were centrifuged at 4°C, 14,000g, for 10 minutes. Supernatant 

were collected and filtered using a 0.2μm Spin-X tube, centrifuged at 4°C, 5min at max 

speed. Samples were shipped on ice to Washington University St. Louis to be run on the 

SOMAscan® 1.3 K cell and tissue platform.

Colonic tissue transcriptomics

Sigmoid colon biopsies were collected from volunteers, placed in RNA later (Fisher) 

had and immediately snap frozen in liquid nitrogen. Total RNA was extracted by using 

an miRNeasy Kit from Qiagen followin manufacturer instructions and measured with a 

RiboGreen RNA quantification kit (Invitrogen). RNA integrity and profile were analyzed 

using an Agilent BioAnalyzer/TapeStation, followed by library preparation with Illumina’s 

TruSeq Stranded mRNA Library Prep Kit without polyA selection. Final libraries were 

measured using Picogreen and quality assessed using the Agilent Tapestation. TruSeq 

stranded mRNA libraries with unique dual-indexed (UDI) were generated (Illumina). All 

libraries were pooled and sequenced on a NovaSeq 2×150-bp Charter-Service RNA-Seq run, 

generating ≥20 Million reads for each library with mean quality scores for all libraries ≥Q30 

on a 150 PE flow cell lane. RNA-seq fastq files for samples were obtained via Illumina 

sequencing platform with QC performed on the FASTQ files using RSeQC software version 

used was v3.0.1 (http://rseqc.sourceforge.net/). Data analysis was done using Mayo Analysis 
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Pipeline for RNA Sequencing (MAPRSeq v3.1.3) with paired end reads were aligned using 

STAR-2.6.1c and alignment to the human genome reference hg38.

Fecal metabolomics

HPLC-MS—Fecal samples were deproteinized with six times volume of cold 

acetonitrile:methanol (1:1 ratio), kept on ice with intermittent vortexing for 30 minutes 

at 4C, then centrifuged at 18000xg. 13C6-phenylalanine (3μl at 250ng/μl) was added 

as internal standard to each sample prior to deproteinization. The supernatants were 

divided into 2 aliquots and dried down for analysis on a Quadrupole Time-of-Flight Mass 

Spectrometer (Agilent Technologies 6550 Q-TOF) coupled with an Ultra High Pressure 

Liquid Chromatograph (1290 Infinity UHPLC Agilent Technologies). Profiling data were 

acquired under both positive and negative electrospray ionization conditions over a mass 

range of 100 – 1200 m/z at a resolution of 10,000–35,000 (separate runs). Metabolite 

separation was achieved using two columns of differing polarity, a hydrophilic interaction 

column (HILIC, ethylene-bridged hybrid 2.1 × 150 mm, 1.7 mm; Waters) and a reversed-

phase C18 column (high-strength silica 2.1 × 150 mm, 1.8 mm; Waters). For each column, 

the run time is 20 min using a flow rate of 400 ul/min. A total of four runs per sample was 

performed to give maximum coverage of metabolites. Samples were injected in duplicate or 

triplicate, and a quality control sample, made up of a subset of samples from the study was 

injected several times during a run. All raw data files obtained were converted to compound 

exchange file format using Masshunter DA reprocessor software (Agilent). Mass Profiler 

Professional (Agilent) was used for data alignment and to convert each metabolite feature 

(m/z × intensity × time) into a matrix of detected peaks for compound identification.

Bioinformatics—An unsupervised principal component analysis, ANOVA, 3D plot and 

heat map and a Partial Least Square discrimination analysis (PLS-DA) comparison between 

groups were obtained for analysis. This gives a list of accurate mass molecular weights of 

differentially expressed components that was run against the Metlin database to give putative 

identification (IDs). The list of components would have a putative ID or a mass (m/z) 

value depending on whether match was found. Components that were assigned putative IDs 

were further examined by comparison to a purchased reference standard of the proposed 

compound. Mass accuracy of the Q-TOF method was <5ppm with retention time precision 

better than 0.2%. A 1.2x fold change can be detected with a precision of 4%.

Raw LC-MS data files are processed using a custom in house constructed pipeline. Data 

files were first segregated by the analytical mode: negative C18, positive C18, negative 

HILIC, or positive HILIC. Each segregated file set was processed independently using the 

pipeline. This pipeline started by loading data files of a segregated set into Agilent ProFinder 

software. ProFinder was configured to perform retention time alignment of all data files, find 

peaks, match their mass and retention time (wherever possible) against METLIN database 

for compound identification, and produce a matrix of compounds and their intensities in 

respective samples. The compound-intensity matrix was loaded into an in house developed 

pipeline for differential expression analysis. This process started by filtering low intensity 

metabolites by removing compounds that do not have an intensity of at least 5000 in 

at least 75% of the samples. Next, MetaboanalystR functions were utilized for data 
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normalization, differential expression analysis and visualization. To account for intra- and 

inter-batch effects, metabolite data in each sample were normalized using total ion current 

detected in the respective sample. Normalized data was log2 transformed. Transformed 

intensities of each metabolite observed across all samples were centered and scaled via 

mean centering. Processed metabolite data were analyzed by multivariate approach such 

as Principal Component Analysis (PCA) to reveal data heterogeneity, groupings, outliers 

and trends. Hierarchical clustering analysis was performed to assess clustering of biological 

replicates, technical replicates, and metabolite clusters that correlate with different subsets 

of clinical variables. Transformed intensities of each metabolite were compared between 

high and low PA groups using Students’ unpaired t-test. Resulting p-values were adjusted 

for multiple testing using Benjamini-Hochberg method 73(FDR). Metabolites with an FDR-

adjusted p-values or q-values <= 0.05 and an absolute log2[fold change] >= 1.5 (where 

a value of 0.0 signifies no change) between two groups were considered as statistically 

significantly differentially expressed and saved for further analyses.

For metabolomic analysis in mice, fecal samples were collected and sent to Metabolon 

Inc. where global metabolic profiling was completed with using the Metabolon platform 

(Metabolon Inc., NC, USA).

Humanization of germ-free mice

Animal experiments were approved by the Mayo Clinic Institutional Animal Care and 

Use Committee (Protocol #A00003420-18-R20). Swiss Webster, germ-free female mice 

were housed in flexible film isolators (CBC, WI, USA) and given free access to both 

autoclave food and water. 4–6 week old mice were given an oral gavage of patient 

fecal slurry (200 μL human fecal suspension) prepared 1:2 with pre-reduced PBS in 

an anaerobic growth chamber, kept at 37°C, and supplied with 15% CO2, 5% H2 and 

80% N2 (Coy Laboratory Products, Grass Lake, MI). Upon humanization mice were 

housed in individually ventilated Maxiseal cages (Arrowmight, Hereford, England, 3–5 

mice/cage) for 6 weeks to allow for microbiome engraftment. Mouse pellets were collected 

at baseline (pre-gavage), 6-weeks post, and during various treatments. Animals were treated 

in accordance with the Mayo Clinic Institutional Animal Care and Use Committee under 

the approved protocol #A00003420-18-R20. Swiss Webster, germ-free female mice were 

initially housed in flexible film isolators with free access to both autoclaved food and 

water. After humanization in randomized order, mice were housed in individually ventilated, 

sterilized Maxiseal cages with, autoclaved food and water, sterile woodchip bedding and an 

enrichment bedding of crink-l’nest. Mice numbers never exceed 5 mice/cage, and on average 

were housed 3 mice to a cage. Mice received bedding and cage changes every 2-weeks, with 

food and water replaced as needed. Mice were kept on a 12h on/12h off light cycle and 

handled only during the daytime to avoid disruptions in circadian rhythm. Mice were kept 

in a temperature and humidity-controlled room with temperature ranging from 64 to 76 °F 

and a relative humidity between 30% and 40%. The operator was not blinded to the assigned 

humanization group.

Edwinson et al. Page 16

Nat Microbiol. Author manuscript; available in PMC 2022 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scoring of fecal pellet frequency and consistency

Humanized mice were transferred to sterile cages with a wire rack bottom. Mice were left 

alone for one hour after which the total number of pellets were counted in each cage. 

Humanized mice representative of each human microbiome was then averaged together to 

give the number of pellets produced per hour for the respective humanized state. Pellets 

collected from humanized mice were scored 0–4 based on a consistency scale previously 

reported 74. Scoring of fecal pellet consistency was defined as: 0 = normal/formed, 1 = 

loose, but formed pellet, 2 = no form, lose with some diarrhea, 3 = diarrhea and 4 = 

severe, watery diarrhea. Two independent measurements from two separate researchers were 

recorded from which the average pellet consistency was calculated for each mouse. Averages 

of each human microbiome were then reported as an overall average for each humanized 

state (average of averages).

Shotgun metagenomics in humanized mice

Sequencing—Upon submission, the DNA samples are quantified using a fluorimetric 

PicoGreen assay. The purity of the samples are also assessed via a Nanodrop. For a sample 

to pass QC, it needs to quantify greater than 0.2 ng/ul. If the samples pass QC they enter 

the TruSeq NexteraXT DNA library preparation queue. gDNA samples are converted to 

Illumina sequencing libraries using Illumina’s NexteraXT DNA Sample Preparation Kit 

(Cat. # FC-131-1096). The NexteraXT protocol was followed except that all steps were 

performed on a quarter reaction scale. In summary, 0.25 ng of gDNA is simultaneously 

fragmented and tagged with a unique adapter sequence. This “tagmentation” step is 

mediated by a transposase. The tagmented DNA is simultaneously indexed and amplified 

12 PCR cycles. Final library size distribution is validated using capillary electrophoresis and 

quantified using fluorimetry (PicoGreen). Pooled libraries are denatured and diluted to the 

appropriate clustering concentration. The libraries are then loaded onto the NovaSeq paired 

end flow cell and clustering occurs on board the instrument. Once clustering is complete, 

the sequencing reaction immediately begins using Illumina’s 2-color SBS chemistry. Upon 

completion of read 1, 2 separate 8 or 10 base pair index reads are performed. Finally, the 

clustered library fragments are re-synthesized in the reverse direction thus producing the 

template for paired end read 2.

Bioinformatics—Base call (.bcl) files for each cycle of sequencing are generated by 

Illumina Real Time Analysis (RTA) software. The base call files and run folders are 

streamed to servers maintained at the Minnesota Supercomputing Institute. Primary analysis 

and de-multiplexing are performed using Illumina’s bcl2fastq v2.20. The end result of 

the bcl2fastq workflow is de-multiplexed FASTQ files that are released to client accounts 

for subsequent analysis by the mapping software and aligner of their own choosing. The 

microbiome data were summarized into α-diversity, β-diversity and taxa abundances. α-

diversity reflects species richness and evenness within bacterial populations. Three alpha 

diversity indices (within sample diversity) were calculated on the rarefied data: observed 

feature number, Shannon diversity index and Inverse Simpson index. A linear model (or 

linear mixed effects model with subject-level random intercept) was used for testing the 

association with α-diversity. β-diversity reflects the shared diversity between bacterial 

populations in terms of ecological distance. Bray-Curtis distance, a β-diversity measure, 
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was calculated on the rarefied data. PERMANOVA was used for testing the association 

with β-diversity (“adonis” function in package “vegan” 75 v2.5.6, 999 permutations). 

Permutation test was used to test the difference between within-donor distance and 

between-donor distance (999 permutations). To visualize the relationships among samples, 

principal coordinate analysis (PCoA) with Bray-Curtis distance method was applied. Taxa 

associations were performed at the phylum, class, order, family, genus and species and/or 

strain level. Functional associations were performed at the KEGG pathway level 3. Taxa/

pathways with prevalence less than 10% or with the maximum proportion less 0.2% were 

excluded from testing to reduce the number of the tests. For human data, differential taxa 

abundance analysis was performed on the relative abundance data at each taxonomic rank 

using a permutation test (999 permutations). The permutation test was based on F-statistic 

of a linear model (square-root transformed taxa normalized abundance as the response 

variable) as the test statistics. For mice data, differential taxa abundance analysis was 

analyzed by fitting a generalized mixed effects model (“glmmPQL” function in package 

“MASS”76 v7.3.53) using Penalized Quasi-Likelihood (family = “quasipossion”) to account 

for overdispersion and correlations between samples from the same donor. log transformed 

GMPR size factor 77 was included as the offset to address sequence depth variation. To 

identify differentially abundant KEGG pathways associated with variable of interest, we 

fit a linear mixed effects model to the arcsine square root transformed relative abundance 

data of KEGG functions (level3). To test the association between taxa and log transformed 

PA value, spearman correlation analysis was used. For all taxa association analysis, false 

discovery rate (FDR) control (Benjamini-Hochberg procedure 78) was used for multiple 

testing correction (“p.adjust” function in package “stats” v3.6.1). FDR-adjusted p-values or 

q-values < 0.10 were considered significant.

Random forests 79 was used for predictive modeling based on the microbiota profile 

(genus-level relative abundance data) using default parameters of the R implementation 

of the algorithm (R package “randomForest”). Leave-one-out cross-validation was used to 

assess the classification accuracy in human data, and leave-one-donor-out was applied in 

mice data to account for potential dependency of the microbiome derived from the same 

donor. Receiver operating characteristic (ROC) curve 80 (“roc” function in package “pROC” 

v1.16.2) was used for assessing the prediction performance. The Boruta algorithm73 was 

used to select the taxa that have significant predictive power (R package “Boruta” v7.0.0). 

All the statistical analyses were performed in R-3.6.1 (R Development Core Teams).

In vivo permeability

Mice were removed from standard housing and fasted but allowed access to water for 2 

hours prior to experimentation. Mice were then given a gavage solution (200 μL) containing 

3 tracer molecules: creatinine (100mg/mL), 4kDa FITC-Dextran (60mg/mL) and 70kDa 

rhodamine B-dextran (Sigma). Five hours after gavage, blood was collected via intra-cardiac 

puncture and serum was separated using a 1.1 mL Z-gel micro tube (Sarstedt, NC, USA) by 

centrifugation at 10,000 g for 10 min at 4°C. Creatinine was measured using a COBAS c311 

(Roche diagnostics) by the Mayo Clinic Immunochemical Core. Serum FITC and rhodamine 

B-dextran was evaluated using a Synergy Mx (BioTek) plate reader at excitation(s) of 485 

and 553nm and emission wavelengths of 528 and 627nm respectively.
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Tissue histology

Small intestinal and colonic tissue was fixed in 4% paraformaldehyde, embedded in OCT, 

sectioned (10 μm thickness) using a cryostat (Leica Biosystems, Lincolnshire, IL, USA) 

and mounted on slides. A standard hematoxylin and eosin staining protocol was followed. 

Slides were then graded in blinded fashion by a pathologist to assess gross differences in 

morphology and immune or other cellular infiltration.

Monocolonization of germ-free mice with β-glucuronidase (GUS) expressing E. coli

E. coli containing plasmid pOPS0750, a gift from Philip Poole (Addgene plasmid 

# 115511; http://n2t.net/addgene:115511; RRID:Addgene_115511) was grown in Luria 

Bertani (LB) broth + Kanamycin at 20 μg/mL overnight. Plasmid DNA was extracted 

using a Qiaprep Spin Miniprep Kit (Qiagen) according to manufacturer’s instructions and 

DNA concentration measured using a Qubit dsDNA kit (ThermoFisher). ArcticExpress 

(DE3) Competent E. coli (Agilent) were transformed (50 ng of plasmid) per the instructions 

provided. Transformed bacteria were plated on LB agar plates with Kanamycin (20 μg/mL) 

and Tetracycline (20 μg/mL) and incubated at 37°C overnight. Individual colonies were 

streaked for isolation with single colonies picked and then grown in LB broth. Overnight 

cultures were spun for 5 min at max speed and resuspended to an OD600 of 1.0 (10^9 

cells/mL) in sterile PBS. 200 μL of transformed bacteria, or DE3 competent E. coli were 

used to monocolonize 10-week old female germ-free Swiss Webster Mice in a random order. 

Confirmation of monocolonization by either control or GUS+ E. coli was done by collecting 

pellets at day 7, and inoculating pellets in selective media at 37°C, examining for growth 

overnight. Pellets from culture positive, monocolonized animals were then used to assess 

fecal PA as described earlier in the methods.

Unconjugated bilirubin treatment in germ free mice

Unconjugated bilirubin (Sigma-Aldrich, B4126) was prepared (200 μM) in dimethyl 

sulfoxide (DMSO, 0.4%) immediately before use on ice in the dark. Mice were either given 

200 μL once/day of unconjugated bilirubin (treated) or DMSO as a control (vehicle) over the 

course of 3 days. After day 3 of treatment, pellets were collected and trypsin-like activity in 

pellets was measured.

In vitro trypsin inhibition by unconjugated bilirubin

Metabolites within the bilirubin pathway were tested for the ability to inhibit trypsin activity 

in vitro. Biliverdin (Sigma Aldrich, 30891), mesobilirubin (Frontier Specialty Chemical, 

M588-9), urobilinogen (Mybiosource, MBS173206, unconjugated bilirubin (Sigma Aldrich, 

B4126) and conjugated bilirubin (Frontier Scientific, B850) were reconstituted to 1mg/mL. 

These stock solutions were then used to prepare a series of dilutions. 69μL of buffer 

(0.046M Tris-HCl, 0.0115M CaCl2, pH 8.1) was added to a black bottom plate along with 

3μL of trypsin (10ng/μL) and 3μL of either unconjugated or conjugated bilirubin. A 100μM 

substrate solution of N-p-Tosyl-Gly-Pro-Arg 7-amido-methylcoumarin HCl was prepared 

in buffer as previously described and kept on ice. 75μL of substrate was automatically 

dispensed into each well to give a final reaction volume of 150μL. Reactions were briefly 

shaken and then transferred to a Synergy Mx Multi-Mode Microplate Reader (BioTek, 
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Winooski, VT, USA) and read kinetically every 30 seconds for a total of 5 min at 37°C. 

ΔRFU/min were calculated in the linear range and trypsin activity was expressed as a ratio 

of the fluorescence measured in the control trypsin well to the fluorescence measured in the 

presence of the potential metabolite inhibitor.

Fecal Microbiota Transfer (FMT)

To test the efficacy of an FMT in lowering fecal PA, 6-weeks post humanization, high 

PA humanized mice were given an oral gavage of healthy volunteer fecal slurry (200 μL, 

1:2 with pre-reduced PBS under anaerobic conditions). Pellets were collected at day 3 and 

1-week post FMT and assessed for fecal PA and changes in the microbiome.

Mice humanization with or without A. putredinis spiked feces

High PA PI-IBS patient fecal slurries were prepared as described with the following 

modifications. Mice were randomly divided into two groups, one receiving high PA fecal 

slurry and the other given high PA fecal slurry with A. putredinis (ATCC® 29800™) added. 

To generate the A. putredinis positive high PA fecal slurry, 1 mL of an overnight culture 

of A. putredinis OD 1 (10^9 cells/mL) was mixed with approximately 500 mg of high PA 

feces under anaerobic conditions. 4–6-week-old Swiss Webster mice were given an oral 

gavage (200 μL) of either high PA fecal slurry (high PA control) or high PA fecal slurry 

“spiked” with A. putredinis. Mice were housed for 6 weeks after which pellets collected 

from baseline and 6-weeks post gavage were evaluated for changes in fecal PA. The operator 

was not blinded to the assigned humanization group.

GUS inhibition in humanized mice

The role of GUS enzymes in regulating luminal PA was tested in healthy, low PA 

humanized mice using two inhibitors of GUS: broad spectrum inhibitor D-Glucaro-1,4-

lactone and the loop 1 microbial specific GUS inhibitor UNC10201652. After 6-weeks post 

humanization with healthy humanized mice we administered either D-Glucaro-1,4-lactone 

(200 mg/kg), or UNC10201652 ((9(5-Morpholin-4-yl-8-piperazin-1-yl-1,2,3,4-tetrahydro-7-

thia-6,9,10,11-tetraaza-benzo[c]fluorene) obtained from Dr. Matthew Redinbo, UNC Chapel 

Hill) at 1 mg/kg via oral gavage (200 μL) daily for 12 and 14 days respectively. Control 

mice for both treatments were run in parallel. Pellets were collected 3 hr post treatment 

as well on days 12 and 14 before sacrifice. Fecal PA was assessed as previously described 

and compared between the inhibitor treated and vehicle control mice. The operator was not 

blinded to the assigned humanization group.

Statistics and Reproducibility

All continuous variables are shown as means ± SD, and as frequencies and percentages 

for categorical variables. Non-Gaussian distributions were assumed, and statistical tests 

of using either 2-way Mann-Whitney U test or 2-way Wilcoxon signed-ranks were done 

to analyze data sets. When more than 2 groups were compared, non-parametric one-way 

analysis of variance (ANOVA) test (Kruskal-Wallis, Dunn’s Multiple Comparison) and 

2-way ANOVA for paired comparisons with post hoc comparisons (Sidak’s, Tukey) were 
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used. All experiments were conducted in triplicate unless otherwise noted and provided as a 

mean ± SD with results considered statistically significant at a p<0.05.

Extended Data

Extended Data Fig. 1. Taxa differentially abundant between low and high PA status and 
correlation with fecal PA.
a, The microbiota of high and low PA PI-IBS patients (n=12 high PA PI-IBS, 17 low 

PA PI-IBS) were compared at the phyla, class, and family levels. At both phyla and 

class levels of taxonomy, no significant differences were observed between the two 

groups of patients. However, one taxon, Rikenellaceae, was differential at the family level 

(FDR<0.05). Rikenellaceae, the family of A. putredinis and was in higher abundance in 

low PA PI-IBS subjects with an average abundance of 5.3%, compared to 1.1% in high 

PA PI-IBS individuals. b, Correlation scatterplots for differentially abundant taxa negatively 
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correlating with PA. In addition to the top 3, an additional 8 differentially abundant (11/14) 

taxa correlated with low fecal PA. They exhibited weak negative correlation (0.31 ≤ |r| ≤ 

0.38). High PA (orange) and healthy volunteers (green) are plotted. Correlation coefficients 

(r) and q-values are generated from comparisons within the entire cohort to assess the 

relationship between PA and taxa abundance (n=21 HV, 12 high PA PI-IBS, 17 low PA PI-

IBS). Grey area shows 95% confidence level for linear smooths. c, Correlation scatterplots 

for differentially abundant taxa that positively correlate with PA. Of the 14 differential taxa, 

only 3 positively correlated with high fecal PA. Clostridium clostridioforme, Pseudomonas 
and Ruminococcus gnavus all had a weak, positive correlation (0.32 ≤ |r| ≤ 0.35). Plots were 

generated as stated above. Grey area shows 95% confidence level for linear smooths.

Extended Data Fig. 2. Specific serine protease activity assays in both high PA human and high 
PA humanized mouse fecal supernatants.
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a, Specific serine protease activity of human fecal samples. Using an enzyme preferential 

substrate assay, fecal trypsin (*p=0.049, **p=0.004), chymotrypsin (**p=0.004) and 

pancreatic elastase (*p=0.03, **p=0.007) activities were increased in fecal supernatants 

generated from high PA individuals compared to both low PA PI-IBS and healthy volunteers 

(One-way ANOVA, multiple comparisons Kruskal-Wallis, n=6 FSNs/group). b, Specific 

activity of serine proteases in humanized mice and germ-free mice. Mice humanized 

with high PA microbiota had increased chymotrypsin (*p=0.049, **p=0.004), pancreatic 

elastase (healthy **p=0.008, low PA PI-IBS **p=0.002) and neutrophil elastase activity 

(*p=0.01, **p=0.002) in fecal supernatants compared to either healthy volunteer or 

low PA PI-IBS humanized mice. Decreased trypsin (healthy **p=0.008, low PA PI-IBS 

**p=0.002), chymotrypsin (**p=0.002), pancreatic elastase (**p=0.002) and neutrophil 

elastase (*p=0.02, **p=0.004) activity were seen in healthy and low PA PI-IBS humanized 

mice compared to the germ-free (GF) state. (One-way ANOVA, multiple comparisons 

Kruskal-Wallis, n=3 mice tested/humanization, 6 humanizations/phenotype, n=6 germ-free 

mice). Boxplots: lower, middle and upper hinges correspond to 25th, 50th and 75th 

percentiles. Upper and lower whiskers extend to the largest and smallest value no further 

than 1.5 * IQR from the respective hinge.
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Extended Data Fig. 3. Tissue protease activity, gross morphology or histopathology of the high 
PA, low PA and healthy volunteer humanized mice.
a, In situ zymography for trypsin-like activity in mouse colonic tissue. No differences were 

observed between high PA and healthy humanized mice (n=6 mice/group, data presented 

as mean ±SD). b, Representative in situ zymography image of high PA and healthy 

mouse tissue. SYTOX Green Nuclear Stain (ThermoFisher, S7020) pseudocolored blue, 

N-p-Tosyl_Gly-Pro-Arg 7-amido-4-methylcoumarin hydrochloride cleavage pseudocolored 

green (Scale bar 50μm), c, Mouse weight, cecal weight and colonic length of humanized 

mice. Post-mortem weight was collected on humanized mice after which the gastrointestinal 

tract was removed and cecal weight was recorded. Colonic length measurements were done 

from proximal cecum to the distal rectum (n=6 human feces/phenotype, dots represent 

average). Boxplots: lower, middle and upper hinges correspond to 25th, 50th and 75th 

percentiles. Upper and lower whiskers extend to the largest and smallest value no further 

than 1.5 * IQR from the respective hinge. d, Histological examination of the gastrointestinal 
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tract of humanized mice. Distal small bowel and distal colon tissue sections were evaluated 

by a pathologist (RG) in blinded manner. No observed differences in inflammation and 

presence of immune cells between humanized mice (n= 6 mice scored/phenotype, Scale bar 

50μm).

Extended Data Fig. 4. Higher level taxonomic evaluation of human fecal samples used for 
humanization.
Comparisons were made between the microbiota of healthy, low PA and high PA PI-IBS 

fecal slurries used for mouse humanization (n=6 human feces/phenotype) which showed no 

significant differences at phylum, class and family levels.
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Extended Data Fig. 5. Differentially abundant taxa and KEGG pathways between healthy, low 
PA and high PA PI-IBS humanized mice.
a, Comparison between healthy and high PA PI-IBS humanized mice engrafted microbiota. 

32 differentially abundant taxa were identified between high PA with healthy humanized 

mice. Of the identified taxa, 13 were in greater fold abundance in healthy humanized 

mice compared to high PA PI-IBS mice. Colors denote greater abundance in the respective 

humanized group (green: healthy, orange: high PA PI-IBS, n=6 feces/phenotype). Numbers 

labeling the taxa correspond to the labels presented in the main manuscript, Fig. 4f. b, 
Differences in observed taxa between engrafted microbiota of low PA and high PA PI-IBS 

humanized mice. Microbiome analysis showed 25 differential taxa between low PA and 

high PA PI-IBS humanized groups, with 13 in greater abundance in low PA, and 12 in 

high PA. Colors denote greater abundance in the respective humanized group (blue: low PA 

PI-IBS, orange: high PA PI-IBS n=6 feces/phenotype). Numbers adjacent to taxa correspond 

to labels provided in main manuscript Figure 4g. c, Receiver operating curve assessing 
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random forest ability to predict PA status based on taxa in humanized mice. The ability of 

random forest modelling algorithm to predict PA status based on selected taxa was assessed 

in humanized mice with an area under curve (AUC) of 0.914, (95% CI 0.848–0.981). Grey 

area shows confidence shape. d, Heatmap of predicted KEGG pathway differences between 

high PA and healthy humanized mice (n=6 feces/phenotype).

Extended Data Fig. 6. Fecal microbiome transfer in high PA humanized mice results in a 
compositional changes
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a, Microbiome profiles of high PA humanized mice receiving either a control or 

an FMT with healthy microbiota (n=9 mice/group) were compared at the phyla, 

class, and family levels. At both phyla and class levels of taxonomy, no significant 

differences were observed between the two groups of mice. However, at the family 

level, 9 differential taxa were observed. With increased abundance of Prevotellaceae, 
Eubacteriaceae, Enterobacteriaceae, Bacteroidaceae, and Clostridiaceae in controls while 

Odoribacteraceae, Rikenellaceae, Barnesiellaceae and Sutterellaceae were more abundant in 

mice receiving FMT (FDR<0.1).b, Correlation scatterplots for differentially abundant taxa 

that negatively correlate with PA post-FMT treatment. After FMT, three bacterial species 

were found to negatively correlate with fecal PA, all at a q< 0.1. Taxa identified were A. 
putredinis, Barnesiella intestinihominis, and A. obesi. All of these taxa had strong negative 

correlations with PA status in mice post-FMT (0.6 ≤ |r| ≤ 0.79). Correlation coefficients (r) 

and q-values are generated from comparisons within FMT and control animals to assess the 

relationship between PA and differentially abundant taxa (n=9 mice/group). Grey area shows 

95% confidence level for linear smooths.

Edwinson et al. Page 28

Nat Microbiol. Author manuscript; available in PMC 2022 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 7. In vitro trypsin activity is suppressed by unconjugated bilirubin, and 
inhibition of GUS enzymes results in increased intestinal permeability
a, Trypsin activity in the presence of metabolites within the bilirubin deconjugation pathway. 

Compared to the other metabolites used for experimentation, unconjugated bilirubin was 

the only metabolite that significantly inhibited trypsin activity across all concentrations 

examined. Data presented as Δfluorescence/time, normalized to a trypsin-only control 

(2-Way ANOVA, Tukey’s multiple comparison test, n=3 *p=0.001, data presented as 

mean ±SD). b, Time course inhibition of trypsin activity in the presence of bilirubin 

metabolites (n=3 biologically independent replicates, data presented as mean ±SD). c, 
Measurement of intestinal permeability in D-Glucaro-1,4-lactone treated humanized mice. 

Serum 4-kDa FITC-dextran levels were greater in healthy humanized mice treated with 

D-Glucaro-1,4-lactone indicating inhibition of GUS enzymes causes an increase in leak 

pathway permeability (2-sided Mann-Whitney, n=4/group *p=0.03). Boxplots: lower, middle 

and upper hinges correspond to 25th, 50th and 75th percentiles. Upper and lower whiskers 
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extend to the largest and smallest value no further than 1.5 * IQR from the respective hinge. 

d, Proposed mechanism of microbial based inhibition of host proteases via the production of 

GUS enzymes.

Table 1

Demographic and clinical characteristics of study volunteers

Healthy (n=38)
High PA PI-IBS 

(n=19)
Low PA PI-IBS 

(n=33) ANOVA

Gender (Female, Male) 24, 14 11, 8 19, 14

Age (Mean, SD) 43, 14 43, 15 48, 18 0.36

BMI (Mean, SD) 28.16, 5.10 31.6, 8.45 29.8, 6.47 0.35

Race (% Caucasian, total n) 93.5, 31 100, 16 100, 29

HADS - Anxiety (Mean, SD, n) 2.65, 2.85, 31 5.38, 3.91, 16 5.24, 2.66, 29 <0.001

HADS - Depression (Mean, SD, 
n)

0.77, 1.2, 31 2.75, 2.98, 16 2.83, 2.56, 29 <0.0001

BM/Day (Mean, SD, n) 1.36, 0.54, 37 2.80, 1.16, 19 1.77, 0.77, 31 <0.0001

Bristol Stool Form (Mean, SD, 
n)

4.07, 0.67, 37 5.07, 0.55, 19 4.27, 1.11, 31 <0.0001

Ease of Passage (Mean, SD, n) 4.00, 0.14, 37 4.63, 0.56, 19 4.19, 0.46, 31 <0.0001

High PA PI-IBS Low PA PI-IBS p-value (t-
test)

IBS Subtype (C, D, M) 0, 11, 8 3, 19, 11

IBS SSS (Mean, SD) 274.4, 118.6 203.3, 111.2 0.08

IBS QOL (Mean, SD) 28.78, 18.22 21.58, 17.80 0.13

*
Statistical analysis: Non-parametric One-way ANOVA with Dunn’s multiple comparison post-hoc and Student’s t-test. 

Standard deviation (SD), Body mass index (BMI, kg/m2), Hospital anxiety and depression score (HADS; 0–7 normal, 
8–10 borderline abnormal, 11–21 abnormal), Bowel movement (BM), Bristol stool form (1:constipation-7:diarrhea), Ease 
of passage scale (1–7), IBS subtype (C: Constipation, D: Diarrhea, M: Mixed) Symptom severity score (SSS; 75–175 mild 
175–300 moderate, >300 severe), Quality of life (QOL; 34–170).

Table 2

Enzymatic kinetics of trypsin inhibition by metabolites in bilirubin deconjugation pathway

Inhibitor Name Structure Kobs (s−1) k2/Ki (M−1s−1) IC50 (μM)

Biliverdin 0.001822 181.8182 12.68

Conjugated Bilirubin 0.004937 500 4.679

Unconjugated Bilirubin 0.006642 666.6667 3.478

Mesobilirubin 0.005981 588.2353 3.862
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Inhibitor Name Structure Kobs (s−1) k2/Ki (M−1s−1) IC50 (μM)

Urobilinogen 0.004785 476.1905 4.828

Inhibition constants were measured in a 0.046M Tris-HCl, 0.0115M CaCl2, held at a pH 8.1 and 37°C. 10ug/mL of 
bovine pancreatic trypsin was used with the substrate N-p-Tosyl-Gly-Pro-Arg 7-amido-methylcoumarin HCl stock at 
100μM. Each well has a final volume of 150μL: 3μL trypsin, 3μL of inhibitor, 69μL of buffer, 75μL of buffered substrate. 
The second-order inhibition rate (k2/Ki (M−1s−1)) was generated by carrying out a series of experiments at different 

concentrations of the potential inhibitory metabolite(s). Non-linear regression modelling was done to determine the IC50 
values for the metabolites within the bilirubin deconjugation pathway (n=3 replicates/metabolite).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: High proteolytic activity (PA) following C. jejuni infection is characterized by reduced 
microbiota diversity and taxa loss.
a, PA of PI-IBS and healthy volunteers. High PA in 19/52 PI-IBS patients (90th percentile 

of healthy volunteers dotted line >1078 BAEE/mg of protein, n=38 healthy, 52 PI-IBS). b, 
PCoA plot of β-diversity. Microbiota composition in high PA is different from healthy 

(p=0.05) or low PA PI-IBS (p=0.01) (Bray-Curtis distance, PERMANOVA, with 999 

permutations, n= 21 healthy, 12 high PA, 17 low PA PI-IBS). c, Alpha diversity measures 

between high PA PI-IBS, low PA PI-IBS and healthy volunteers (n=12 high PA PI-IBS, 17 

low PA PI-IBS, 21 healthy, linear regressions, *p=0.05,**p=0.01,***p=0.001). d, Higher 

level taxonomic representation (n=12 high PA PI-IBS, 21 healthy). e, Correlation matrix 

between fecal PA and taxa. Correlations made taxa with q <0.2 with taxa in red highlighting 

differential abundance at q<0.1. Spearman correlation coefficient (r) identify taxa correlating 

with PA. Density reflective of proportions of taxa within healthy or high PA with dots 

denoting differential at q<0.1. f, Representative scatterplots between logPA and taxa of 
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entire cohort. High PA and healthy volunteers plotted (n=21 healthy, 12 high PA PI-IBS). 

Grey area: 95% confidence level of linear regression. g, Differentially abundant taxa 

between healthy and high PA PI-IBS. Alistipes putredinis absent from high PA (n= 21 

healthy, 12 high PA, q<0.1). Data are presented as mean + s.d. h, Boruta feature selection 

algorithm identifying predictive taxa of PA status. Six taxa identified (n=12 high PA, 17 low 

PA PI-IBS). i, Receiver operating curve of random forests prediction. AUC=0.813, (95% CI 

0.69–0.94). Grey area: 95% confidence interval. Boxplots: lower, middle and upper hinges 

correspond to 25th, 50th and 75th percentiles. Upper and lower whiskers extend to largest and 

smallest value no further than 1.5 * IQR from respective hinge.
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Figure 2: Fecal and tissue proteomics demonstrates serine proteases of human pancreatic origin 
drive high PA in PI-IBS.
a, Pipeline used for identifying human and microbial fecal proteomic profiles of high PA and 

low PA feces. b, Metaproteomic analysis of high and low PA fecal samples. Volcano plot 

highlights feces from high PA volunteers have an increased abundance of host pancreatic 

proteases (n=7 high PA, 6 low PA, FDR<0.05). Three proteases, chymotrypsin like 

pancreatic elastase 2A, 3B (FDR=0.002 for each, Standard t-test) and trypsin 2 (FDR=0.02, 

Standard t-test), all serine family, were identified in greater abundance in high PA samples. 

c-d, Proteomic analysis of rectosigmoid colonic biopsies using SOMAscan® platform. 

Comparisons of proteases (c) and protease inhibitors (d). Analysis reveals that production of 

mucosal derived proteases and inhibitors are comparable regardless of PA phenotype (n=7 

high PA, 6 low PA). e, In vitro inhibition of high PA FSN with protease inhibitors. AEBSF 

(100μM *p=0.042), nafamostat (100μM *p=0.002), UAMC-0050 (100μM ****p=0.0001, 

10μM ***p=0.0002, 1μM ***p=0.0004), and elafin (100μM ***p=0.0005, 10μM *p=0.032) 
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significantly inhibited PA in vitro while dabigatran (thrombin inhibitor) and E64 (cysteine 

protease inhibitor) had no effect. (2-way ANOVA, Tukey’s multiple comparison test, n= 3 

high and 3 low PA FSNs per condition). Barplots are presented as mean ± s.d.
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Figure 3: Gnotobiotic mice demonstrate healthy commensal microbiota suppresses host derived 
PA while high PA PI-IBS microbiota does not.
a, Absence of microbiota characterized by higher PA (Swiss-webster female, 2-tailed Mann-

Whitney, n=3 germ free,−5 conventional mice, p=0.04). b, Mouse model of humanization. 

c, Healthy and low PA microbiota causes host fecal PA drop (n=6 feces/phenotype, dots 

represent average, presented as mean ± s.d). d, Post-humanization PA is dependent on 

microbiota. Mice with healthy or low PA PI-IBS microbiota have significantly lower PA 

compared to high PA humanized mice (383 vs. 246 vs. 1,761 BAEE/mg protein, 2-Way 

ANOVA Tukey’s, n=6 feces/phenotype, dots represent average, *p=0.03 and *p=0.04 

respectively). e, Low PA microbiota suppresses host PA. while mice with high PA 

microbiota have fecal PA similar to GF mice (% of baseline, healthy 24.5 ± 32.8, low 

PA 17.8 ± 23.9; high PA 116.3 ± 109.7, One-Way ANOVA-Kruskal-Wallis, n=6 feces/

phenotype, dots represent average, *p=0.03). f, Humanized mouse pellet frequency. No 

difference between humanized groups in pellet production. g, Humanized mouse fecal 

pellet consistency. High PA humanized mice have significantly looser feces. Scored 

0=normal to 4=diarrhea. Two averaged independent observations (One-Way ANOVA-

Kruskal-Wallis, n=6 feces/phenotype, dots represent average, *p=0.01 for both). h, Pore 
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pathway permeability. Creatinine levels in high PA humanized mice indicate increased 

pore pathway permeability (for all permeability pathways, n=6 human feces/phenotype; 3 

mice/human feces, dots represent averaged mice; high PA PI-IBS 0.81 ± 0.28 mg/dL; low 

PA PI-IBS 0.58 ± 0.24; healthy 0.51 ± 0.36, One-Way ANOVA-Kruskal-Wallis, *p=0.05). 

i, Leak pathway permeability. 4-kDa FITC-dextran levels in high PA humanized mice 

show increased leak pathway permeability (high PA PI-IBS, 19.1 ± 14.6 mg/dL; low PA 

PI-IBS 23.9 ± 23.9; healthy 13.7 ± 30.3, One-Way ANOVA-Kruskal-Wallis, *p=0.04). 

j, Unrestricted pathway permeability. No difference in serum rhodamine levels across 

humanization states. Boxplots as previously described.
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Figure 4: Microbial diversity and composition in humanized mice identify specific microbial taxa 
predicative of PA status and metabolic pathway differences.
a, Mice humanized with high PA, low PA PI-IBS and healthy volunteer microbiota have 

differences in microbiota composition (n=6 human feces/phenotype, dots represent average). 

b, Humanized mice intra-group, not inter-group relatedness. Humanized mice microbiota 

are compositionally and taxonomically different when compared to each other, but similar 

within its group (Bray-Curtis, PERMANOVA with 999 permutations, p=0.001). c, Alpha 

diversity across humanized mice. Healthy volunteer and low PA humanized mice have 

greater species richness compared to high PA humanized mice (n=6 human feces/phenotype, 

dots represent average, linear regression on observed species **p=0.01,***p=0.002). d, 
Beta diversity measures in humanized mice. Microbial composition differs between each 

humanization state (Bray-Curtis, PERMANOVA with 999 permutations, p=0.01). e, Higher 

level taxonomic evaluation of engrafted microbiota in humanized mice (n=6 human feces/

phenotype, dots represent average). f-g, Volcano plot(s) highlighting strain level differences 

Edwinson et al. Page 42

Nat Microbiol. Author manuscript; available in PMC 2022 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between high PA and healthy volunteer (f) or high and low PA PI-IBS humanized mice 

(g). Red icons indicating differences in abundance (q<0.1) with A. putredinis identified 

(n=6 human feces/phenotype, dots represent average). h, Prediction model of microbiota 

for PA status by random forests. The top 10 taxa predictive of PA status in mice assessed 

using mean decrease in accuracy. i, Predicted KEGG pathway differences between high 

PA and healthy volunteer humanized mice. Differentially abundant KEGG pathways with 

q<0.1. Effect size denotes average difference in KEGG functional unit between reference 

and comparison groups. Boxplots as previously described.
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Figure 5: Fecal microbiome transfer of low PA microbial communities lowers PA of high PA 
humanized mice in Alistipes-dependent manner.
a, FMT treatment in high PA mice. FMT with a healthy microbiome decreased PA in high 

PA humanized mice compared to controls (1676 ± 613.6 vs. 3920± 2178 BAEE units/mg 

protein, One-Way ANOVA-Kruskal-Wallis †p=0.0235 and 2-sided Wilcoxon-Matched Pairs 

*p=0.011, 9 mice/group). b, FMT changes proteolytic profile. Trypsin, neutrophilic elastase, 

and pancreatic elastase activity was lower post-FMT compared to baseline (Paired t-test, 

Mann-Whitney n=5 mice, trypsin *p=0.003, pancreatic elastase *p=0.04, neutrophil elastase 

*p=0.006). c, Measurement of alpha diversity. Mice given FMT demonstrate greater 

microbial diversity compared to control mice (linear regression on observed species, 

n=9/group, p=0.01). d, Measurement of beta diversity. Bray-Curtis β-diversity ordination 

demonstrates shifts in microbiota composition following FMT. Mice receiving FMT cluster 

separately and towards a healthy, low PA microbiome (PERMANOVA, n=9 mice/group, 

p=0.001). e, Heatmap outlining differentially abundant taxa in mice treated with FMT. Taxa 
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identified differentially abundant at q<0.1 (n=9 mice/group). f, Proportion of differentially 

abundant bacteria between FMT and control mice. 35 differential bacterial taxa identified 

at the species level (q<0.1), with 13 in greater abundance after FMT (n=9 mice/group). 

g, Predicted KEGG pathway differences. Methane metabolism pathway increased, and 

aromatics degradation decreased in FMT mice (n=9 mice, q<0.1). h, Restoration of low PA 

phenotype dependent on FMT community. Mice administered a community containing A. 
putredinis reduced fecal PA while FMT using low PA microbiota lacking A. putredinis was 

unable to suppress PA. Sac Day is 1-week post-FMT. (2-way ANOVA-Sidak’s, p=0.001, 

n=5 mice/group). i, High PA feces spiked with A. putredinis attenuates increased PA post-

humanization (2-way ANOVA, Sidak’s n=3 mice/group, p=0.05, mean ± s.d). Boxplots as 

previously described.
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Figure 6: Microbiota mediates PA suppression through microbial β-glucuronidase enzymatic 
activity and production of unconjugated bilirubin.
a, Beta-glucuronidase (GUS) activity in humans. High PA PI-IBS had lower fecal 

GUS activity compared to healthy and low PA PI-IBS (One-Way ANOVA-Kruskal-

Wallis, *p=0.02 and *p=0.03 respectively, n=4 low PA, 8 high PA and 8 healthy). b, 
Concentration of urobilinogen in human feces. Untargeted fecal metabolomics identified 

higher urobilinogen in low PA compared to high PA feces (n=3 high PA and 4 low PA). c, 
Liquid chromatography tracing of urobilinogen (C18 column, n=3 high PA and 4 low PA 

PI-IBS). d, GUS suppresses PA in mice. Mice monocolonized with E. coli overexpressing 

GUS (GUS+) had significantly lower fecal PA compared to controls (1437 ± 411.7 vs. 

3371 ± 481.9 BAEE units/mg protein, One-Way ANOVA-Kruskal-Wallis, p=0.004, n=5). 

e, Unconjugated bilirubin suppresses PA. Mice given unconjugated bilirubin (gavage, 3 

days) had less trypsin-like activity compared to controls (4.8 vs 12.2 nmoles/min/μg protein, 
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Mann-Whitney p=0.03, n=4 mice). f, Fecal metabolomics in experimental mice. Increased 

D-urobilin, #p=0.001 and bilirubin degradation product, C17H20N2O5 #p=0.03, seen in 

GUS+ and D-Glucaro-1–4-Lactone treated animals respectively (n=4 mice). g, Schematic 

for GUS inhibitors in humanized mice. h, D-Glucaro-1–4-Lactone increases fecal PA. Mice 

given D-Glucaro-1–4-Lactone, a non-specific GUS inhibitor, have significantly higher fecal 

PA than controls (825.3 ± 655.6 vs. 19.3 ± 8.0 BAEE units/mg protein, Mann-Whitney, 

n=5, p=0.008). i, UNC10201652, a microbial GUS inhibitor, increases fecal PA (2692 ± 

2430 vs. 113.8 ± 230.1 BAEE units/mg of protein, Mann-Whitney, n=5, p=0.008). Data 

presented mean ± s.d. Boxplots as previously described. Human and mouse metabolite 

intensities were normalized using total ion current for each sample, log-transformed 

and compared between groups (Student’s t-test). p-values were adjusted using Benjamini-

Hochberg method. Metabolites p-value <0.05 and absolute log2 fold change of > 0.5 (0.0 = 

no change) are mapped.
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