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Abstract

The involvement of host immunity in the gut microbiota-mediated colonization resistance to 

Clostridioides difficile infection (CDI) is incompletely understood. Here, we show that interleukin 

(IL)-22, induced by colonization of the gut microbiota, is crucial for the prevention of CDI in 

human microbiota-associated (HMA) mice. IL-22 signaling in HMA mice regulated host 

glycosylation, which enabled the growth of succinate-consuming bacteria Phascolarctobacterium 
spp. within the gut microbiome. Phascolarctobacterium reduced the availability of luminal 

succinate, a crucial metabolite for the growth of C. difficile, and therefore prevented the growth of 

C. difficile. IL-22-mediated host N-glycosylation is likely impaired in patients with ulcerative 

colitis (UC), and renders UC-HMA mice more susceptible to CDI. Transplantation of healthy 

human-derived microbiotas or Phascolarctobacterium reduced luminal succinate levels and 

restored colonization resistance in UC-HMA mice. IL-22-mediated host glycosylation thus fosters 

the growth of commensal bacteria that compete with C. difficile for the nutritional niche.

Introduction

Clostridioidies difficile infection (CDI) causes a severe, potentially life-threatening intestinal 

inflammation in hospitalized patients 1. The gut microbiota plays a central role in the 

prevention of CDI, as antibiotic treatment promotes the growth of C. difficile, resulting in 

the development of CDI 1. However, the precise mechanism by which constituents of 

healthy microbiotas outcompete C. difficile is not fully understood. Healthy gut microbiotas 

directly prevent C. difficile from blooming in the gut via increasing the abundance of 

metabolites that interfere with the growth of C. difficile or decreasing the availability of 

germination/growth-promoting luminal metabolites required by C. difficile 2, 3. Besides their 

metabolic functions, the gut microbiotas are also known to activate host antimicrobial 

immunity, which, in turn, indirectly prevents the colonization and/or growth of many enteric 

pathogens 4. Despite this fact, the role of host immunity-mediated colonization resistance in 

CDI, conferred by the gut microbiota, remains underappreciated.

Accumulating evidence has suggested that IL-22 plays a pivotal role in mucosal defense 

mechanisms in the gastrointestinal tract through promotion of epithelial barrier integrity, 

secretion of antimicrobial peptides, and induction of iron scavengers 5, 6, 7. Moreover, IL-22 

modulates host epithelial glycosylation, which, in turn, prevents the growth of enteric 

pathogens, such as Citrobacter rodentium and Salmonella 8, 9, 10. In the gut, IL-22 

production is regulated by the resident microbiota 11, 12, indicating that IL-22 induction is a 

mechanism utilized by the gut microbiota to mediate colonization resistance against enteric 

pathogens. Previous studies have demonstrated that IL-22 is not required for the prevention 

of C. difficile growth in the intestine 13, 14, 15. However, in these studies, the intestinal 

microbiota was depleted by treatment with antibiotics prior to CDI, and therefore, 

microbiota-dependent induction of IL-22 may not have been detected in their models. Thus, 

the involvement of a microbiota-induced IL-22 pathway and the contribution of its defects to 

Nagao-Kitamoto et al. Page 2

Nat Med. Author manuscript; available in PMC 2020 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the increased risk of CDI remain largely unknown. Herein, we report that mucosal IL-22 

signaling, activated by the colonization of the gut microbiota, modulated glycosylation of 

host N-linked glycans. Host-derive glycans, in turn, promote the growth of succinate-

consuming bacteria Phascolarctobacterium spp.. Phascolarctobacterium spp. consumed 

succinate, a metabolite that fuels C. difficile, thereby preventing the growth of C. difficile in 

the intestine. Of note, The IL-22-mediated regulation of host N-glycans is likely impaired in 

patients with ulcerative colitis (UC), and thereby leading to gut dysbiosis with altered 

microbial metabolic activities, including succinate metabolism. Hence, gnotobiotic mice that 

harbor the gut microbiota from UC patients were susceptible to CDI. Thus, IL-22-mediated 

host glycosylation fosters the growth of commensal bacteria that compete with C. difficile 
for the nutritional niche, and the defects in this pathway might increase the risk for CDI.

Results

Human microbiotas protect germ-free mice from CDI

We examined the protective role of human-derived microbiotas against CDI. GF mice were 

colonized with the gut microbiotas isolated from two healthy controls (HC). HC human 

microbiota-associated (HC-HMA) mice 16 were infected with C. difficile strain VPI 10463. 

As a control, GF mice without microbiota reconstitution were also infected with C. difficile. 

C. difficile was able to colonize control GF mice 1 day after infection and the following day 

all mice succumbed to CDI (Extended Data Fig. 1a). Consistent with a previous report 17, 

HC-HMA mice were completely protected against CDI and C. difficile was unable to 

colonize these mice (Extended Data Fig. 1a). In order to confirm the importance of the gut 

microbiota, we next treated HC-HMA mice with a broad-spectrum antibiotic cocktail 17. As 

expected, marked C. difficile colonization (>107–108 CFU/g feces) was observed in 

antibiotic-treated HC-HMA mice starting on day 1 post-CDI and the majority of mice 

succumbed to CDI (Extended Data Fig. 1b). Consistent with fecal pathogen burden data, 

antibiotic-treated HC-HMA mice developed inflammatory pathology in the colon, while no 

overt inflammation was observed in control HC-HMA mice (Extended Data Fig. 1c). These 

data suggest that human-derived microbiotas confer colonization resistance against C. 
difficile in mice.

Microbiota-induced IL-22 prevents CDI

Rag1−/− mice, which lack both T and B cells were used to address the role of host immunity 

in the human microbiota-conferred colonization resistance against C. difficile. GF Rag1−/− 

mice were colonized by HC microbiotas to generate HC-HMA-Rag1−/− mice. HC-HMA-

Rag1−/− mice and control GF Rag1−/− mice were infected with C. difficile. All GF Rag1−/− 

mice succumbed to CDI within 2 days of infection. In contrast, C. difficile was unable to 

grow in HC-HMA-Rag1−/− mice, as was seen in HC-HMA-WT mice (Fig. 1a). This result 

indicated that host T and B cell immunity is not required for the human microbiota to confer 

resistance against C. difficile. Rather, the host’s innate antimicrobial response, elicited by 

the microbiota, plays a role in the prevention of CDI. In this regard, we found that 

colonization of GF Rag1−/− mice with human microbiotas induced mucosal IL-22 

expression (Fig. 1b). This evidence hinted at the involvement of IL-22 in a mechanism 

underlying microbiota-mediated protection against CDI. To test this hypothesis, we 
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examined the impact of IL-22 signaling blockade in HC-HMA-Rag1−/− mice on CDI 

susceptibility (Fig. 1c). IL-22 signaling was efficiently inhibited by an αIL-22 antibody in 
vivo. The antibody treatment also suppressed the expression of Reg3b and Reg3g, two 

antimicrobial proteins that are strongly induced in response to IL-22 18 (Extended Data Fig. 

2). In this setting, colonization resistance of HC-HMA-Rag1−/− mice was abolished and C. 
difficile was able to colonize the IL-22–neutralized HC-HMA-Rag1−/− mice (Fig. 1c). In 

accordance with its colonization potential, C. difficile induced massive inflammation in HC-

HMA-Rag1−/− mice when IL-22 signaling was blocked (Fig. 1d). Thus, the microbial 

induction of IL-22 is critical for the prevention of C. difficile blooms in HMA mice.

IL-22 shapes the gut microbial community and its metabolic function

We next sought to study the mechanism by which IL-22 prevents CDI and examine the 

effect of IL-22 on the composition of the gut microbial community. We analyzed the gut 

microbiome of HC-HMA-Rag1−/− mice treated with the αIL-22 antibody. IL-22 

neutralization did not change the diversity and richness of the microbial communities 

(Extended Data Fig. 3a), but did change the composition of the gut microbiota (Extended 

Data Fig. 3b). In particular, it resulted in a decrease in the abundance of 

Acidaminococcaceae following IL-22 neutralization (Extended Data Fig. 3c). LEfSe 

analysis further identified bacterial genera that became over- and under-represented 

following IL-22 neutralization (Fig. 2a). Among them, we focused on genus 

Phascolarctobacterium (family Acidaminococcaceae), which was significantly decreased as 

a result of IL-22 blockade (Fig. 2a). Phascolarctobacterium spp. are the major consumers of 

succinate generated by other bacterial species, such as Bacteroides spp. 19, 20. Thus, the 

decreased abundance of Phascolarctobacterium may lead to abnormal succinate metabolism 

in the gut. Consistent with this hypothesis, the luminal levels of succinate were significantly 

elevated in IL-22-neutralized HC-HMA-Rag1−/− mice (Fig. 2b, Extended Data Fig. 4, and 

Supplementary Table 1). Importantly, luminal succinate is known to aid the growth of C. 
difficile in the intestine 21. Hence, an imbalance in succinate metabolism due to gut 

dysbiosis, induced by a blockade of IL-22 signaling, may affect the host’s susceptibility to 

CDI. To explore this notion, we utilized a mutant strain of C. difficile that lacks the 

succinate utilization gene operon CD2344 21. The CD2344 mutant of C. difficile (Cd-
CD2344−), unlike its isogenic WT strain JIR8094, is unable to grow on succinate (Extended 

Data Fig. 5) 21. IL-22-neutralized HC-HMA-Rag1−/− mice, which are susceptible to CDI, 

were infected with either WT JIR8094 or Cd-CD2344− (Fig. 2c). As seen in Fig. 1, WT C. 
difficile was able to colonize IL-22-neutralized HC-HMA-Rag1−/− mice (Fig. 2c). In 

contrast, early colonization by Cd-CD2344− was markedly impaired (Fig. 2c). To address 

the extent to which succinate plays a key role in the increased susceptibility to CDI, we 

administrated succinate to HC-HMA mice. We observed that the administration of succinate 

promoted the growth of C. difficile in HC-HMA mice (Fig. 2d), indicating that succinate is a 

key metabolite whose abundance controls the colonization of C. difficile in the gut. 

Interestingly, Cd-CD2344− was able to colonize in GF mice (Extended Data Fig. 6), 

suggesting that C. difficile can utilize alternate nutritional sources for its growth in the 

absence of commensal microbiota. Next, we asked if colonization by the succinate-

consuming bacteria Phascolarctobacterium spp. can prevent CDI. Specific pathogen-free 

(SPF) C57BL/6 mice were pre-treated with cefoperazone to breach the gut colonization 
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resistance 3. As previously reported, the cefoperazone-treated mice succumbed to CDI (Fig. 

2e). Colonization by two strains of Phascolarctobacterium – P. faecium JCM 30894 and P. 
succinatutens JCM 16074 – significantly improved mortality of C. difficile–infected mice 

(Fig. 2e). These results suggest that IL-22, induced by the microbiota, modulates the 

abundance of specific commensal bacteria, such as Phascolarctobacterium, and can lead to 

the accumulation of luminal metabolites, including succinate, which may foster the growth 

of C. difficile.

Host mucus glycosylation regulates gut microbiota

Given the decreased abundance of succinate-consuming bacteria Phascolarctobacterium in 

the gut significantly decreased when IL-22 signaling was blocked, it is conceivable that 

IL-22 signaling promotes the growth of Phascolarctobacterium in the gut. To test this 

hypothesis, GF mice were colonized with two strains of Phascolarctobacterium, P. faecium 
JCM 30894, and P. succinatutens JCM 16074, followed by treatment with an IL-22-Fc 

fusion protein. The amount of host genomic DNA in feces remained unchanged as a result of 

rIL-22 treatment (Fig. 3a). The gut colonization of both strains (gene copies normalized to 

host genomic DNA) was significantly enhanced by IL-22-Fc, suggesting that IL-22 directly 

regulates the growth of Phascolarctobacterium (Fig. 3a). The growth of 

Phascolarctobacterium is primarily limited by the availability of succinate, while 

carbohydrates and/or SCFAs do not appear to be of major importance 19. However, succinate 

is not available in GF mice since succinate-producing commensal bacteria are absent 21. 

This indicates that Phascolarctobacterium can utilize other nutritional sources for its growth 

in gnotobiotic mice treated with IL-22-Fc. We found that P. faecium JCM 30894 and P. 
succinatutens JCM 16074 harbors enzymes that belong to glycoside hydrolase (GH) 

families, GH73 (GenBank/EMBL/DDBJ accession# AB490811). Given that GH73 is a 

member of the host glycan-related enzyme families (N-acetylglucosamine (GlcNAc)), it is 

plausible that Phascolarctobacterium has become adapted to consume host-derived glycans 

in the gut. To examine this, we isolated mucus from SPF mice treated with the αIL-22 

antibody or the isotype control antibody. Isolated mucus was added to the 

Phascolarctobacterium growth medium in vitro. Supplementation with mucus isolated from 

control mice promoted the growth of P. faecium and P. succinatutens (Fig. 3b). In contrast, 

the growth of P. faecium and P. succinatutens was significantly weakened when mucus 

isolated from IL-22–neutralized mice was used (Fig. 3b). Consistent with this result, P. 
faecium and P. succinatutens expressed GH73 when cultured in mucus (Fig. 3c). Moreover, 

supplementation with GlcNAc enhanced the growth of Phascolarctobacterium (Fig. 3d). 

These results suggest that IL-22–induced host mucus glycosylation likely promotes the 

growth of Phascolarctobacterium. We also assessed the expression of host 

glycosyltransferases in HC-HMA mice, and whether or not these enzymes are regulated via 
IL-22 signaling. As shown in Fig. 3e, host glycosyltransferases that are related to N-

glycosylation, such as Mgat4a, were induced in GF mice upon colonization with a human 

microbiota. The microbiota-induced IL-22 was responsible for the induction of some of 

these enzymes, as their expression levels were significantly reduced when IL-22 signaling 

was blocked (Fig. 3e). We next analyzed the host glycosylation status of HMA-Rag1−/− mice 

with or without IL-22 signal blockade. We found that N-glycosylation of the host proteins 

was impaired in IL-22-neutralized mice both in the insoluble fractions (mainly mucus 
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proteins, such as Muc2) and in the soluble fractions (intestinal cells, such as epithelial cells). 

Notably, high-mannose glycans were reduced in the soluble fraction and hybrid glycans 

tended to be decreased in the insoluble fraction in IL-22–neutralized mice (Fig. 3f, g, and 

Supplementary Table 2). In contrast, O-glycisylation was unchanged in IL-22-neutralized 

mice (Supplementary Table 3). These findings suggest that IL-22–mediated host N-

glycosylation may foster the growth of some commensal microbiota, such as 

Phascolarctobacterium.

Impaired N-glycosylation–related gene expression in UC patients

We next examined the link between IL-22–mediated host glycosylation and increased host 

susceptibility to CDI resulting from underlying disease. To this end, we focused on patients 

with ulcerative colitis (UC), who are at higher risk for CDI compared to normal individuals 
22, 23, 24. Using a publically available database (GSE75214) 25, we found that the expression 

of host glycosyltransferases, such as MGTA4A and MGAT4B, was significantly impaired in 

UC patients compared to normal controls (Fig. 4a). The expression of IL22RA2 (also known 

as IL-22 binding protein (IL-22BP), a soluble IL-22 receptor that blocks IL-22 signaling, 

was markedly up-regulated in patients with UC, while IL-22 expression was not affected 

(Fig. 4a and Extended Data Fig. 7a). Notably, IL22RA2 expression was inversely correlated 

with the expression of these glycosyltransferases, indicating that impaired IL-22 signaling, 

resulting from the overexpression of IL-22BP, led to decreased host glycosylation in UC 

(Fig. 4b). An analysis of two other deposited cohorts (GSE16879 26 and GSE73661 27) 

revealed similar expression patterns, and inverse correlation between IL22RA2 and host 

glycosylation enzymes (Extended Data Fig. 7b-e). Consistent with these results, HMA mice-

colonized with the microbiotas derived from UC patients (UC-HMA mice) were unable to 

resist C. difficile colonization (Fig. 4c, 4d). Consistent with the in vivo data, inoculated C. 
difficile failed to proliferate ex vivo using luminal contents isolated from HC-HMA mice 

(Fig. 5a). On the other hand, C. difficile grew from luminal contents isolated from UC-HMA 

mice (Fig. 5a). As expected, the growth of C. difficile was dependent on succinate, as the 

Cd-CD2344− mutant exhibited impaired growth in UC luminal contents in vitro and in vivo 
(Fig. 5b, c).

Restoration of microbial metabolism reduces the risk for CDI

Finally, we tested whether fecal microbiota transplantation (FMT) could restore normal 

microbial metabolic activity and colonization resistance in UC-HMA mice. Healthy human-

derived microbiotas were inoculated into UC-HMA mice, which were then infected with C. 
difficile (Fig. 6a). As a result, FMT almost completely prevented the growth of C. difficile in 

the gut (Fig. 6b). We found that a single FMT was equally effective at preventing CDI as 

multiple FMTs (Fig. 6b). Gut dysbiosis seen in UC-HMA mice improved significantly as a 

result of FMT (Fig. 6c–6e), which restored the abundance of Phascolarctobacterium (Fig. 6f 

and Extended Data Fig. 8). Consistent with this, the levels of luminal succinate were 

significantly reduced following FMT (Fig. 6g, Extended Data Fig. 9, and Supplementary 

Table 4). To validate the importance of Phascolarctobacterium in the prevention of CDI, we 

inoculated UC-HMA mice with succinate consumers, P. faecium and P. succinatutens, 
instead of a full FMT (Fig. 6h). As expected, colonization of P. faecium and P. succinatutens 
significantly reduced the concentration of luminal succinate (Fig. 6i). According to the 
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reduction of luminal succinate availability, Inoculation of Phascolarctobacterium 
significantly inhibited the colonization of C. difficile, particularly in early stages of infection 

(Fig. 6j).

Discussion

By utilizing the HMA mouse model, we demonstrated that IL-22, induced by colonization of 

the gut microbiota, shapes the composition of the gut resident microbiota. IL-22 signaling 

promotes the expression of host glycosyltransferases, such as Mgat4a and Mgat4b, which 

encode enzymes that catalyze the transfer of N-acetylglucosamine (GlcNAc) to the core 

mannose residues28, 29. The overall abundance of GlcNAc seemed unchanged, although N-

glycosylation in both soluble and insoluble fraction of mucus was compromised by the 

impairment of IL-22 signaling. This suggests that the transfer of GlcNAc to N-linked 

glycans may be impaired only in subsets of host-derived proteins. Host glycosylation plays 

an important role in maintaining specific populations of gut commensal bacteria, such as 

Phascolarctobacterium spp., which utilize host-derived GlcNAc for their growth19, 30. The 

dysbiotic microbiota, as a result of the impaired IL-22 signaling, has a compromised 

metabolic function, thereby increasing the opportunistic growth of potential pathogens, such 

as C. difficile.

It has been reported that the abundance of Phascolarctobacterium is markedly reduced in 

CDI patients compared to healthy control subjects 31. Likewise, the abundance of 

Phascolarctobacterium was restored in CDI patients following FMT, resulting in the 

amelioration of their clinical symptoms 32. Thus, the abundance of Phascolarctobacterium is 

likely involved in host protection against CDI. However, the mechanisms by which 

Phascolarctobacterium spp. are regulated within the gut microbiota remain poorly 

understood. In this study, we found that Phascolarctobacterium spp. harbor glycoside 

hydrolases associated with host glycan degradation, suggesting that Phascolarctobacterium 
spp. have the ability to forage host glycans in addition to consuming succinate. Therefore, 

IL-22-mediated host N-glycosylation likely promotes the growth of this bacterial genus in 

the gut. We speculate that the increased abundance of Phascolarctobacterium spp. leads to a 

more efficient consumption of succinate in the gut lumen, which limits the opportunistic 

growth of C. difficile whose proliferation is aided by succinate 21. Interestingly, the 

administration of Phascolarctobacterium spp. sufficiently protects antibiotic-treated mice 

from CDI. Further, Phascolarctobacterium improves the mortality of infected animals, even 

if they are inoculated after the colonization by C. difficile (Extended Data Fig. 10). These 

data suggest that Phascolarctobacterium might be useful for treating patients who are 

already infected with C. difficile. However, it is noteworthy that single-dose, pre-treatment 

with Phascolarctobacterium was not sufficient to prevent C. difficile colonization and 

subsequent lethal colitis (Extended Data Fig. 10), suggesting that Phascolarctobacterium 
must retain an optimal number in the intestine to maximize their protective effect against 

CDI.

Phascolarctobacterium spp. are not the only bacterial species regulated by IL-22–mediated 

gut conditioning. LEfSe analysis showed that unclassified Proteobacteria were also 

underrepresented in IL-22–neutralized HMA mice. It remains possible that these not-yet-
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identified bacteria also play an important role in the protection against CDI. In addition to 

succinate, several other luminal metabolites were differentially abundant in control and 

IL-22–neutralized HMA mice, including taurocholate and taurine. Taurocholate is known to 

promote the germination of C. difficile spores 3, while microbiota-derived taurine is known 

to control microbial–host mutualism by modulating NLRP6-mediated anti-microbial peptide 

production by the intestinal epithelial cells 33. Moreover, the concentration of various 

luminal amino acids was significantly increased in IL-22–neutralized HMA mice. As amino 

acid availability is closely associated with the risk for CDI 34, they may also contribute to 

the susceptible phenotype we observed in those mice. Consistent with these observations, 

the Cd-CD2344− strain, which cannot utilize succinate, was still able to proliferate in IL-22–

neutralized HMA mice, although the early colonization of this strain was dramatically 

impaired compared to the WT strain. This result indicates that succinate is an important 

metabolite that promotes the proliferation of C. difficile in the gut early after its 

colonization. In later colonization, C. difficile may be able to use alternative nutritional 

sources, such as amino acids, for its growth. Thus, targeting different metabolic pathways, 

such as bile acid metabolism, succinate metabolism, and amino acid metabolism, by using 

multiple strains of commensal bacteria may be a more rational, and effective, strategy to 

prevent CDI.

Recent epidemiologic studies have shown that inflammatory bowel disease (IBD) patients, 

particularly UC, are at higher risk for CDI compared with non-IBD individuals 22, 23, 24. 

Since CDI induces IBD flares and worsens disease outcome, CDI in IBD patients is 

recognized as a major clinical complication 22, 23, 24. In the current study, we recapitulated 

increased susceptibility to CDI seen in UC patients using our HMA mouse model. Since it is 

known that the abundance of Phascolarctobacterium is decreased in IBD patients, both in 

UC and CD 35, the gut microbiotas derived from UC patients might have similar defects as 

those observed in IL-22–neutralized HMA mice, namely decreased abundance of 

Phascolarctobacterium and elevated levels of luminal succinate. Consistently, although the 

expression of IL-22 is up-regulated in the intestine of IBD patients 36, 37, there is evidence of 

possible defective IL-22 signaling in IBD, particularly UC, patients, such including the up-

regulation of IL-22BP, which blocks IL-22 bioactivity 38, 39, 40, 41, 42, 43, 44. Collectively, 

IL-22 signaling is likely compromised in UC patients. In this study, we discovered that the 

expression of IL-22BP (IL22RA2) is significantly up-regulated in UC patients, and that it 

inversely correlates with the expression of host glycosyltransferases, MGAT4A and 

MGAT4B. Reduced host N-glycosylation has been reported in active UC patients 45. Our 

findings suggest that impaired IL-22 signaling in UC patients may cause abnormal host 

glycosylation, which triggers gut dysbiosis, including a reduction in the abundance of 

Phascolarctobacterium spp. Further study will be required to link IL-22 signaling, host 

glycosylation, and gut dysbiosis in patients with UC.

The increased luminal succinate level is likely only one facet of the complex process that 

increases the susceptibility of IBD patients to CDI. Indeed, FMT is much more effective 

than the administration of Phascolarctobacterium spp. to prevent CDI in UC-HMA mice, 

although Phascolarctobacterium spp. treatment significantly reduces the availability of 

luminal succinate. Consistently, FMT reduces the levels of various metabolites, such as 

amino acids, which are known to foster the growth of C. difficile 34. It suggests that 
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Phascolarctobacterium spp. may be used with other bacterial strains that target distinct 

metabolic pathways related to C. difficile germination and growth (e.g., amino acid 

consumption, bile acid conversion) to improve clinical effectiveness further. In this regard, 

we are comparing the prevention efficacy of Phascolarctobacterium with that of a previously 

reported protective bacteria, such as Clostridium scindens, which resist to C. difficile in a 

secondary bile acid–dependent fashion 2. We speculate that the combination of 

Phascolarctobacterium and C. scindens might have a synergistic effect in preventing CDI. 

However, further study is needed for developing a recipe of the effective cocktail of 

metabolic competitors that resists CDI. Although succinate may not be the only target for 

prevention of CDI in IBD patients, it remains possible that these parameters (i.e., the 

abundance of Phascolarctobacterium, the concentration of luminal succinate) could be used 

to screen and identify IBD patients who are at high risk for CDI. These findings also raise 

the question of whether modulation of IL-22 by current therapies for IBD could affect the 

incidence of C. difficile colitis.

Compared to CDI, clinical response to FMT in IBD is variable 46, 47. This unresponsiveness 

of IBD patients to FMT might be, at least in part, due to insufficiencies of the nutritional 

niche caused by impaired host glycosylation. In this case, the combination of FMT and 

recombinant IL-22 (or co-inoculation with IL-22-inducing bacteria 48) could maximize the 

colonization potential of transplanted beneficial bacteria, such as Phascolarctobacterium in 

the gut.

Our data clarify the role of IL-22 in the feedback regulation of the gut microbiota. IL-22-

induced host glycosylation governs the growth of certain protective members of the gut 

microbiota, such as Phascolarctobacterium, and IL-22 normalizes the composition of the 

microbiota and influences its metabolic activities, which may be critical for the prevention 

of opportunistic colonization/expansion of C. difficile in the gut.

Methods

Mice

Specific pathogen-free (SPF) mice were housed in the Animal Facility at the University of 

Michigan. GF C57BL/6 and GF Rag1−/− mice were housed in the Germ-Free Animal 

Facility at the University of Michigan. GF mice were maintained in flexible film isolators 

and their GF status was checked weekly by aerobic and anaerobic culture. The absence of 

the microbiota was verified by microscopic analysis of stained cecal contents that detects 

any unculturable contamination. Histologically and endoscopically diagnosed UC patients 

and HC subjects were recruited through the University of Michigan IBD Databank 

(HUM0004184), and stool samples were collected from those donors. Individuals who 

received any antibiotics in the past 3 months were excluded. Individuals who had previous 

bacteria infections (e.g., C. difficile) or virus infections (e.g., hepatitis B virus, hepatitis C 

virus, or human immunodeficiency virus) were also excluded. Patient information was 

provided in Supplementary Table 5. Stool samples were resuspended in pre-reduced 

phosphate-buffered saline (in 1:10 ratio) in an anaerobic chamber and then filtrated through 

100 μm cell strainer. Stool suspension was then inoculated into GF C57BL/6 mice or GF 

Rag1−/− mice (100 μl/mouse) 16.
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Human microbiota-associated mice

The HMA mice were housed in positive-pressure individually ventilated cages (IVCs) 

(ISOcage P; Techniplast, West Chester, PA) in order to prevent cross-contamination and 

maintain their gnotobiotic status 49, 50. All mice were fed a sterilized rodent breeder diet 

5013 (LabDiet, St. Louis, MO). 8- to 16-week-old female and male mice were used in all 

experiments. All animals were handled in accordance with the protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Michigan. To 

attain robust C. difficile infection in HC-HMA mice, the animals were treated with a 

cocktail of antibiotics ofr 5 days. The cocktail contains kanamycin (0.4 mg/ml), gentamicin 

(0.035 mg/ml), colistin (850 U/ml), metronidazole, (0.215 mg/ml), and vancomycin (0.045 

mg/ml). Clindamycin (10 mg/kg) was then injected intra-peritoneally at day 5. One day after 

clindamycin injection, mice were challenged by C. difficile 24 h post-IP injection 17.

Bacterial strain and C. difficile infection of mice

The spores of C. difficile strain VPI 10463 (ATCC 43255) were cultured at 65°C for 20 min 

at 65°C to kill vegetative bacteria. WT JIR8094 and Cd-CD2344−21 were grown overnight in 

brain heart infusion medium supplemented with 100 mg/l L-cysteine and 5 mg/mL yeast 

extract (BHIS). Mice were infected with C. difficile VPI10463 spores (103 spores per 

mouse) or with an overnight culture of JIR8094/Cd-CD2344− (OD600 = 0.5–1.0, 200 μl per 

mouse) by oral gavage. Stool samples were collected from C. difficile–infected mice on days 

1, 3, 7, 10, and 14 post-challenge. The samples were then serially diluted and plated on 

TCCFA selective plates to quantify the number of C. difficile spores under anaerobic 

conditions. For the αIL-22 antibody treatment, HC-HMA Rag1−/− mice were injected 

intraperitoneally twice before C. difficile inoculation (3 and 5 days prior to infection) and 3 

times per week post-infection with the αIL-22 antibody (150 μg/mouse per dose) 

(Genentech, South San Francisco, CA, USA) or an equivalent amount of the isotype-

matched control antibody (Genentech). For the IL-22-Fc fusion protein treatment, GF mice 

were injected intraperitoneally once before Phascolaectobacterium spp. (P. faecium JCM 

30894 and P. succinatutens JCM 16074, 1 × 106 CFU each strain/mouse) inoculation (1 day 

prior to inoculation) and twice post inoculation (2 and 5 days) with IL-22-Fc (100 μg/mouse 

per dose) (Genentech) or an equivalent amount of the isotype-matched control protein 

(Genentech). For the succinate treatment, HC-HMA mice were given 1% succinate (Acros 

Organics, Belgium, WI) in drinking water 3 days prior to infection until sacrifice. C. 
difficile–infected UC-HMA mice were transplanted with a healthy human–derived 

microbiota (fecal microbiota transplantation; FMT) or Phascolarctobacterium (P. faecium 
JCM 30894 and P. succinatutens JCM 16074, 1 × 106 CFU each strain/mouse) once before 

C. difficile inoculation (3 days prior to infection) and 4 times post-inoculation (1, 3, 7, 10 

days post-infection). Regarding the CDI experiments using SPF C57BL/6 mice, the mice 

were given cefoperazone (MP Biomedicals, Solon, OH) in drinking water (0.5 mg/mL) for 8 

days, followed by regular water for 2 days. Then, the cefoperazone-treated SPF mice were 

infected with C. difficile VPI 10463 spores. For the prevention study, cefoperazone-treated 

SPF mice were inoculated with P. faecium JCM 30894 and P. succinatutens JCM 16074 (1 × 

106 CFU each strain/mouse) once before C. difficile inoculation (3 days prior to infection) 

and 4 times post-inoculation (1, 3, 7, 10 days post-infection). HMA mice were sacrificed 7 

days or 2 weeks post C. difficile inoculation. Cecum and colon tissues were collected and 
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fixed with 4% paraformaldehyde. Fixed tissues were then processed, embedded, sectioned 

and stained with hematoxylin and eosin (H&E). Histological inflammation was scored at the 

University of Michigan Unit for Laboratory Animal Medicine In-Vivo Animal Core. A 

veterinary pathologist evaluated histological inflammation in a blinded fashion. Histological 

scores were calculated based on following criteria: [1] Inflammation (0, none; 1, minimal 

multifocal inflammation [few foci]; 2, moderate multifocal inflammation [numerous foci]; 3, 

severe multifocal coalescing inflammation; and 4, same as a score of 3 with abscesses or 

extensive mural involvement); [2] edema (0, none; 1, mild focal or multifocal edema, 

minimal submucosal expansion (<2); 2, moderate focal or multifocal edema, moderate 

submucosal expansion (2–3); 3, severe multifocal to coalescing inflammation; and 4, same 

as a score of 3 with diffuse submucosal expansion); [3] epithelial damage (0, none; 1, mild, 

multifocal, superficial damage; 2, moderate, multifocal, superficial damage; 3, severe, 

multifocal to coalescing mucosal damage ± pseudomembrane ± ulcer; 4, same as a score of 

3 with significant pseudomembrane or ulcer formation).

Quantitative Real-Time PCR

RNA was extracted with E.Z.N.A. Total RNA Kit (Omega Bio-tek, Norcross, GA) according 

to the manufacturer’s instructions. RNA was reverse transcribed using a High Capacity 

RNA-to-cDNA Kit (Applied Biosystems, Foster, CA) and cDNA was then used for 

quantitative PCR analysis using SYBR Green Gene-Expression Assay on an ABI 7900HT 

analyzer (ABI 7900HT analyzer). The following primer sets were used for amplification: 

Actb-F; 5′-AAGTGTGACGTTGACATCCG, Actb-R; 5′-GATCCACATCTGCTGGAAGG, 

Il22-F; 5′-TTTCCTGACCAAACTCAGCA, Il22-R; 5′-TCTGGATGTTCTGGTCGTCA, 

Reg3b -F; 5′-CTCTCCTGCCTGATGCTCTT, Reg3b -R; 5′-
GTAGGAGCCATAAGCCTGGG, Reg3g-F; 5′-TCAGGTGCAAGGTGAAGTTG, Reg3g-

R; 5′-GGCCACTGTTACCACTGCTT, GH73-F; 5′-GCGTTTATGAAGTGCTGGAAAAG, 

GH73-R; 5′-ATTCCATACGCAGTTTCTCAGGT, Mgat4a-F; 5′-
GCGACAGACAGAAGGCAAACC, Mgat4a-R; 5′-CCGACAGAGACGAGTGTAGGC, 

Mgat4b-F; 5′-AGGTGACGTGGTGGACATTT, Mgat4b-R; 5′-
GCTTCAGGCTCTCTTGCTCA, Mgat5-F; 5′-GGAAATGGCCTTGAAAACACA, Mgat5-

R; 5′-CAAGCACACCTGGGATCCA, St6gal1-F; 5′-TGCGTGTGGAAGAAAGGGAGC, 

St6gal1-R; 5′-CTCCTGGCTCTTCGGCATCTG, Eubacteria-F; 5′-
ACTCCTACGGGAGGCAGCAGT, Eubacteria-R; 5′-ATTACCGCGGCTGCTGGC, P. 
faecium-F; 5′-CCTTTAGACGGGGACAACATTC, P. faecium-R; 5′-
ATCGCCTTGGTAGTCCGTTACA, P. succinatutens-F; 5′-
AGCAATCTCGCATGAGGATGCTGT, P. succinatutens-R; 5′-
GCCGTGGCTTATTCGTTTACTACCG, mouse genomic Tnf (gTnf)−F; 5′-
CAACCCTTATTCTCGCTCACA, gTnf−R; 5′-CTCCACACTCTCCTCCACCT, mouse 

genomic Actb (gActb)-F; 5’ -ATGACCCAGATCATGTTTGA. mouse genomic Actb 

(gActb)-R; 5’ TACGACCAGAGGGCATACAG

Microbiome analysis

Genomic DNA was extracted using a modified Qiagen DNeasy Blood and Tissue kit 

protocol (Qiagen, Valencia, CA) 16. These modifications included the following steps: (1) 

UltraClean fecal DNA bead tubes (Mo Bio Laboratories, Inc, West Carlsbad, CA) and a 
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Mini-Beadbeater-16 (BioSpec Products, Inc, Bartlesville, OK) were used to homogenize 

samples (1.5 min); (2) the amount of buffer ATL used in the initial steps of the protocol was 

increased (from 180 to 400 μl); (3) the volume of proteinase K was increased (from 20 to 40 

μl); and (4) the amount of buffer AE used to elute DNA at the end of the protocol was 

decreased (from 200 to 75 μl). The V4 region of bacterial 16S rRNA was sequenced using 

the Illumina MiSeq at the Host Microbiome Initiative University of Michigan. The sequence 

results were then analyzed by Mothur (v.1.33) 51, 52. Operational taxonomic units (OTUs) 

(>97% identity) were curated and converted to relative abundance using Mothur. Shannon 

diversity index (H’) and OUT richness were used to show community diversity. To compare 

the diversity between communities (β-diversity), we employed the Yue and Clayton (θYC) 

dissimilarity distance metric. θYC values were shown as non-metric multidimensional 

scaling (NMDS) plot. Linear discriminant analysis effect size (LEfSe) analysis was 

performed to identify differentially abundant taxa 53.

Metabolome analysis

The fecal samples for metabolome analysis were collected from HMA mice (2 weeks after 

inoculation with human stool sample) before CDI (at day 0). The fecal metabolomic profile 

was analyzed using capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS) 
54. Lyophilized fecal samples were homogenized by a Shake Master (Biomedical Science, 

Tokyo, Japan) with 3.0-mm Zirconia Beads (Biomedical Science, Tokyo, Japan). 

Homogenized fecal samples were then resuspended in methanol:chloroform:water solution 

to extract metabolites. The Agilent CE System, the Agilent G3250AA LC/MSD TOF 

System, the Agilent 1100 Series Binary HPLC Pump, the G1603A Agilent CE-MS adapter, 

and the G1607A Agilent CE-ESI-MS Sprayer Kit (Agilent Technologies, Santa Clara, CA) 

were used for CE-TOFMS analysis. Data are processed by the MasterHands software. For 

luminal succinate analysis, frozen stool samples were analyzed using liquid 

chromatography–mass spectrometry (LC-MS) at the Michigan Regional Comprehensive 

Metabolomics Resource Core 55. In brief, fecal samples were resuspended in 0.5 ml of 

extraction solution (methanol: chloroform: water = 8:1:1) containing 13C4-labeled succinate. 

The samples were then homogenized and incubated at 4°C for 10 min. The extract was 

harvested by centrifuging suspension at 4°C, 14,000 rpm for 10 min. An A 1260 UPLC 

module coupled with a 6520 quadrupole time-of-flight (Q-TOF) mass spectrometer (Agilent 

Technologies, Santa Clara, CA.) was used for LC-MS analysis. A 150 × 1 mm Luna NH2 

hydrophilic interaction chromatography column (Phenomenex, Torrance, CA) was used to 

separate metabolites. MassHunter Quantitative Analysis Reporting B.07.00 Service Pack 

(Agilent Technologies) was used for data processing. Succinate was normalized to its 

isotopically labeled internal standard and quantitated using 2 replicated injections of 5 

standards to create a linear calibration curve with accuracy better than 80% for each 

standard. Other compounds in the analysis were normalized to the nearest internal standard, 

and the peak areas were used for differential analysis between groups.

Ex vivo growth of C. difficile (JIR8094 and Cd-CD2344−)

Overnight cultures of JIR8094 and Cd-CD2344− were diluted 5000-fold with a minimal 

medium (10 g/l peptone, 10 g/l beef extract, 3 g/l yeast extract, 1.55 g/l NaH2PO4・H2O, 5.95 

g/l Na2HPO4) supplemented with 1% glucose, 0.1% succinate, or 100 μg/mL UC luminal 
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content. A handheld spectrophotometer (Biochrom US, Holliston, MA) was used for optical 

density (OD600) measurements.

Ex vivo germination and growth of C. difficile (VPI10463)

Mouse cecal contents from HC-HMA and UC-HMA mice were quantified inside an 

anaerobic chamber and diluted 10-fold with PBS. Heat-treated (65°C, 20 min) C. difficile 
spores (103 spores) were added to the cecal contents, which were then incubated 

anaerobically at 37°C for 6 h. After incubation, bacterial samples were serially diluted, 

plated on TCCFA plates in order to quantify germination and growth of C. difficile 3.

In vitro growth of Phascolarctobacterium

P. faecium JCM 30894 and P. succinatutens JCM 16074 (JCM, Ibaragi, Japan) were grown 

overnight in a peptone yeast extract medium supplemented with 80 mM sodium succinate 

(PYS) under anaerobic conditions 19. The overnight culture of Phascolarctobacterium spp. 

was diluted 100-fold with PYS medium. In some experiments, 100 mM GlcNAc 

(MilliporeSigma, St. Louis, MO) was added. For the growth assay on mucus medium, SPF 

WT C57BL/6 mice (some, but not all mice were littermates) were co-housed for over 2 

weeks, and then randomly separated into two groups. One group was treated with αIL-22 

antibody and the other with the control antibody. Colonic mucus was scraped from colonic 

walls into HEPES-Hank’s buffer (8.0 g/Ll NaCl, 0.4 g/l KCl, 0.05 g/l CaCl2・H2O, 0.35 g/l 

KH2PO4, 0.2 g/l MgSO4 • 7H2O, and 2.6 g/l HEPES, pH 7.4). Contaminating epithelial cells 

and membranes were removed by centrifugation, once at 12,000 g for 10 min, and once at 

27,000 g for 15 min at 4°C. Colonic mucus in HEPES-Hank’s buffer was stored at −80°C 

until further use 56. 300 μg of colonic mucus scrape from the control and the αIL-22 

antibody–treated mice were added to the PYS medium. Phascolarctobacterium spp. were 

cultured anaerobically for 24–48 h. Bacterial RNAs were purified and GH family gene 

expression was quantified by qPCR. The CFU count was determined by culturing samples 

on PYS agar plates.

Glycan analysis

The mucus samples were scraped from the colonic tissues. The scraped mucus was 

suspended in GuHCl buffer (6 M GuHCl, 5 mM EDTA, 10 mM NaH2PO4, and 5 mM 

PMSF), on a rolling wheel, in a cold room, overnight. The samples were separated into a 

soluble fraction (supernatant) and an insoluble fraction (pellet) by centrifugation at full 

speed for 10 min at 4°C. The insoluble fraction was solubilized by adding 0.975 mL 

solubilization buffer (6 M GuHCl, 100 mM Tris, 5 mM DETA) along with 25 mM DTT and 

5 mM PMSF. The solution was kept on a rolling wheel overnight in a cold room. After 

incubation, iodoacetamide was added, and the solution was incubated in the dark for 4 h at 

room temperature. The pellet was removed by centrifugation at full speed for 10 min at 4°C. 

Both soluble and insoluble fractions were transferred to a PVDF membrane using dot-

blotting. The membrane was stained with Alcian blue, followed by destaining with 

methanol. N- and O-linked oligosaccharides were released from glycoproteins blotted on 

PVDF membranes for glycan analysis 57. The N-glycans were first released from the PVDF 

membrane. The membrane was blocked with 1% PVP solution (polyvinyl pyrrolidone 

40,000, w/w) in 50% methanol and then washed 3 times in water and shaken for 5 min. 
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Next, the membrane was added 50 mM NH4Ac (pH 8.4) and PNGase. After overnight 

incubation at 37°C, the sample was dried using SpeedVac. The left membrane dots were 

subjected to O-glycans release. The N-glycans were reduced by incubating with 20 mM 

NaOH and 0.5 M NaBH4 overnight at 50°C. The salt was removed as O-glycans. The O-

glycans on the dot blots were released by reducing beta-elimination and desalted. Released 

O-glycans were resuspended in water and analyzed by liquid chromatography–electrospray 

ionization tandem mass spectrometry (LC-ESI/MS). A 5 μm porous graphite particles 

column (Hypercarb, Thermo-Hypersil, Runcorn, UK) was used to separate oligosaccharides. 

The loaded oligosaccharides were eluted with 0%−45% gradient of Buffer B (10 mM 

ammonium bicarbonate in 80% acetonitrile) followed by a wash step with 100% Buffer B. 

The column was then equilibrated with Buffer A (10 mM ammonium bicarbonate). An LTQ 

linear ion trap mass spectrometer (Thermo Electron, San Jose, CA) in negative ion mode 

was used to analyze the samples. Xcalibur software (Version 2.0.7) was used for data 

acquisition and analysis.

The Gene Expression Omnibus (GEO) accession number

Publicly available gene expression data used in this study are available from the NCBI Gene 

Expression Omnibus under the following accession codes: GSE75214 25, GSE16879 26, and 

GSE73661 27.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism software version 6.0 (GraphPad 

Software Inc.). Statistical tests used for the analysis of data are identified in the legend of 

each figure. Differences of P < 0.05 were considered significant.

Extended Data
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Extended Data Fig. 1. Healthy human microbiotas prevent C. difficile infection.
(a) (Left) GF B6 mice were colonized with healthy control (HC) microbiotas for 2 weeks 

(human microbiota-associated (HMA) mice). GF or HC-HMA mice (GF: n=9, HC#1:n=8 

and HC#2:n=3, biologically independent animals) were then infected with C. difficile VPI 

10463 spores (103 spores/mouse). C. difficile load in feces was determined on indicated days 

post-infection. Dots represent individual mice. Bars indicate median. Data were pooled from 

2 independent experiments. (Right) The mortality of C. difficile infected GF or HC-HMA 

mice. Statistical significance was assessed by Log-rank test (two-sided). (b and c) (b) HC-
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HMA mice were treated with a cocktail of antibiotics or regular water and then infected with 

C. difficile VPI 10463 spores (n=5, biologically independent animals). (Left) CFU in feces. 

Dots represent individual mice. Bars indicate median. Data were pooled from 2 independent 

experiments. Statistical significance was assessed by 2-way ANOVA with Bonferroni post-

hoc test (two-sided). (Right) The mortality of mice. Statistical significance was assessed by 

Log-rank test (two-sided). (c) Representative histological images and associated histological 

scores. Scale bar is 100 μm. Data are presented as mean ± s.e.m. from pooled two 

independent experiments. Statistical significance was assessed by Mann-Whitney U test 

(two-sided).
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Extended Data Fig. 2. IL-22 neutralization inhibits the expression of antimicrobial proteins.
Reg3b and Reg3g mRNA levels in control or αIL-22 antibody-treated HC-HMA Rag1−/− 

mice were determined by qPCR. Expression was normalized to that of the murine Actb 
gene. Dots represent individual mice. Data are presented as mean ± s.e.m. (n=8, biologically 

independent animals) from pooled 2 independent experiments. Statistical significance was 

assessed by Mann-Whitney U test (two-sided).

Nagao-Kitamoto et al. Page 17

Nat Med. Author manuscript; available in PMC 2020 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 3. IL-22 shapes the gut microbial community.
HC-HMA-Rag1−/− mice were treated with control or αIL-22 antibody twice, on day −5 and 

day −3, before fecal samples were collected. Bacterial 16S rRNA sequences were analyzed. 

(a) Shannon index (α-diversity) and number of OTUs (richness) of control and αIL-22 

antibody-treated HMA-Rag1−/− mice. Dots represent individual mice. Data are presented as 

mean ± s.e.m. (n=3, biologically independent animals). Data are representative of 2 

independent experiments. Statistical significance was assessed by Mann-Whitney U test 

(two-sided). (b) Microbial community structures were analyzed using the Yue and Clayton 

dissimilarity distance metric (θYC) and are shown in a nonmetric, multidimensional scaling 

plot. (c) Bacterial taxonomy at the family level in the feces.
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Extended Data Fig. 4. Luminal metabolomic analysis in IL-22–neutralized HMA mice.
(a) Fecal samples were collected after treatment with αIL-22 antibody, twice and before 

CDI (day 0). A heat map showing the quantified metabolic profiles of control or αIL-22 

antibody-treated HC-HMA-Rag1−/− mice. All concentrations of quantified metabolites were 

transformed into Z-scores and clustered according to their Euclidean distance. Gray areas in 

the heat map indicate that respective metabolites were not detected. (b) Principal component 

analysis of the metabolome data. (C) A loading scatter plot of the principal component 

analysis. (d) Luminal metabolites were analyzed by CE-TOF/MS. Dots represent individual 
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mice. Data are presented as mean ± s.e.m. (n=13, biologically independent animals) from 

pooled 3 independent experiments. Statistical significance was assessed by Mann-Whitney 

U test (two-sided).
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Extended Data Fig. 5. C. difficile growth on succinate.
In vitro growth of WT JIR8094 or Cd-CD2344- mutant C. difficile in a minimal medium 

supplemented with glucose or succinate. Data are presented as mean ± s.d. (n=3 technical 

replicates). Data are representative of 3 independent experiments. Statistical significance 

was assessed by 2-way ANOVA with Bonferroni post-hoc test (two-sided).
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Extended Data Fig. 6. Succinate is not required for the growth of C. difficile in germ-free mice.
GF C57BL/6 mice were infected with WT JIR8094 or Cd-CD2344− mutant C. difficile 
strains. C. difficile load in feces was determined on indicated days post-infection (n=5, 

biologically independent animals). Dots represent individual mice. Bars indicate median. 

Data were from pooled 2 independent experiments. Statistical significance was assessed by 

2-way ANOVA with Bonferroni post-hoc test (two-sided).
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Extended Data Fig. 7. Gene expression profiles in UC patient cohorts.
(a) The mRNA expression of IL22 mRNA in the colonic tissue from control subjects (n=11), 

patients with inactive UC (n=23) and patients with active UC (n=74). Data were derived 

from GEO data set GSE75214. Dots represent biologically independent subjects. Data are 

presented as mean ± s.e.m.. Statistical significance was assessed by Kruskal-Wallis test with 

Dunn posttest (two-sided). (b and d) The mRNA expression of IL22, IL22RA, MGAT4A 
and MGAT4B mRNA in the colonic tissue from control subjects and patients with active 

UC. (c and e) Correlation between MGAT4A/MGAT4B and IL22RA mRNA expression in 3 

Nagao-Kitamoto et al. Page 23

Nat Med. Author manuscript; available in PMC 2020 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



groups. Statistical significance was measured by Pearson correlation test (two-sided). Dots 

represent biologically independent subjects. Data were derived from GEO data sets 

GSE16879 (control: n=8 and active UC: n=24) and GSE73661 (control: n=12 and active 

UC: n=67). Data are presented as mean ± s.e.m.. Statistical significance was assessed by 

Mann-Whitney U test (two-sided). (b and d). Statistical significance was measured by 

Pearson correlation test (two-sided) (c and e).
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Extended Data Fig. 8. FMT restores the microbial composition in UC-HMA mice.
Significantly altered bacteria in pre–C. difficile infected UC-HMA mice with or without 

FMT were identified by LEfSe analysis. UC-HMA mice–enriched taxa have a positive LDA 

score (red, n=6, biologically independent animals), and FMT-treated UC-HMA mice–

enriched taxa have a negative LDA score (green, n=6, biologically independent animals). A 

P value of < 0.05 and a score ≥ 2.0 were considered significant in Kruskal–Wallis and 

pairwise Wilcoxon tests (two-sided), respectively.
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Extended Data Fig. 9. Luminal metabolomic analysis in FMT-treated UC-HMA mice.
(a) Fecal samples were collected after treatment with FMT (day −3) and before CDI (day 0). 

A heat map showing the quantified metabolic profiles of UC-HMA or FMT-treated UC-

HMA mice. All concentrations of quantified metabolites were transformed into Z-scores and 

clustered according to their Euclidean distance. Gray areas in the heat map indicate that 

respective metabolites were not detected. (b) The principal component analysis of the 

metabolome data (n=9, biologically independent animals). (C) A loading scatter plot of the 

principal component analysis. (d) Luminal metabolites were analyzed by CE-TOF/MS. Dots 
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represent individual mice. Data are presented as mean ± s.e.m. (n=9, biologically 

independent animals) from pooled 2 independent experiments. Statistical significance was 

assessed by Mann-Whitney U test (two-sided).
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Extended Data Fig. 10. Phascolarctobacterium inoculation protect mice from CDI.
SPF C57BL/6 mice were treated with cefoperazone (0.5 mg/mL in drinking water). After 8 

days, the mice were switched to regular water and allowed to recover for 2 days before being 

infected with C. difficile VPI spores. Mice were treated with P. faecium JCM 30894 and P. 
succinatutens JCM 16074 (106 CFU each strain) or with its culture medium by oral gavage, 

once, before C. difficile inoculation (1 day prior to CDI, pre-treatment) or 4 times post-

inoculation (1, 3, 7, 10 days post-infection, post-treatment). Dots represent individual mice 

(n=5, biologically independent animals). The mortality of C. difficile–infected mice was 

assessed. Statistical significance was assessed by Log-rank test (two-sided) from pooled 2 

independent experiments.
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Figure 1. Healthy human microbiota-driven IL-22 prevents C. difficile blooms in the gut.
(a) (Left) GF-Rag1−/− mice were colonized with healthy microbiotas for 2 weeks (HC-

HMA-Rag1−/− mice). GF or HC-HMA-Rag1−/− mice (GF: n=6, HC#1:n=5 and HC#2:n=3, 

biologically independent animals) were infected with C. difficile VPI 10463 spores (103 

spores/mouse). C. difficile load in feces was determined on indicated days post-infection. 

Dots represent individual mice. Bars represent median. (Right) The mortality of C. difficile 
infected mice. Statistical significance was assessed by Log-rank test (two-sided). Data were 

pooled from two independent experiments. (b) Il22 mRNA levels in GF-Rag1−/− (n=3) or 

HC-HMA-Rag1−/− mice (n=6) were measured by qPCR. Expression was normalized to that 

of the murine Actb gene. Data are presented as mean ± s.e.m.. Data were pooled from two 

independent experiments. Statistical significance was assessed by Mann-Whitney U test 

(two-sided). (c) C. difficile infected HC-HMA-Rag1−/− mice were treated with control or 

αIL-22 antibody twice before C. difficile inoculation (3 and 5 days prior to infection) and 3 

times a week post-inoculation. C. difficile load in feces was determined on indicated days 

post-inoculation (n=6, biologically independent animals). Dots represent individual mice. 

Bars represent median. Data were pooled from two independent experiments. Statistical 

significance was assessed by 2-way ANOVA with Bonferroni post-hoc test (two-sided). (d) 

Representative histological images and associated histological scores. Scale bar is 200 μm. 

Data are presented as mean ± s.e.m.. Statistical significance was assessed by Mann-Whitney 

U test (two-sided).
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Figure 2. IL-22–mediated succinate pathway drives the colonization of C. difficile in the healthy 
microbiota.
(a) Fecal microbiome from HC-HMA-Rag1−/− mice treated with control or αIL-22 antibody 

(n=3, biologically independent animals) was analyzed. Significantly enriched bacterial taxa 

in αIL-22 antibody-treated mice (black bars) and control mice (white bars) were identified 

by LEfSe analysis. Data are representative of 2 independent experiments. (b) Luminal 

metabolites were analyzed by CE-TOF/MS. Data are presented as mean ± s.e.m. (n=13, 

biologically independent animals ). Dots represent individual mice. Data were pooled from 3 

independent experiments. Statistical significance was assessed by Mann-Whitney U test 

(two-sided). (c) αIL-22 antibody-treated HC-HMA-Rag1−/− mice were infected with WT 

JIR8094 or Cd-CD2344− mutant C. difficile (WT: n=7,Mut: n=8, biologically independent 

animals). C. difficile load in feces was determined on the indicated days. Dots represent 

individual mice. Bars represent median. Data were pooled from two independent 

experiments. Statistical significance was assessed by 2-way ANOVA with Bonferroni post-

hoc test (two-sided). (d) HC-HMA-WT C57BL/6 mice were given regular water or 1% 

succinate. C. difficile load in feces was determined on the indicated days, post-inoculation. 

Dots represent individual mice (n=5, biologically independent animals). Bars represent 

median. Data were pooled from two independent experiments. Statistical significance was 

assessed by 2-way ANOVA with Bonferroni post-hoc test (two-sided). (e) Cefoperazone pre-

treated SPF C57BL/6 mice were infected with C. difficile VPI 10463 spores (103 spores/

mouse) by oral gavage. Mice were inoculated orally with P. faecium JCM 30894 and P. 
succinatutens JCM 16074 (106 CFU each strain) or its culture medium (n=14, biologically 

independent animals). The mortality of C. difficile–infected mice was assessed. Data were 

pooled from 3 independent experiments. Statistical significance was assessed by Log-rank 

test (two-sided).
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Figure 3. Host glycosylation regulated by IL-22 influences the growth of Phascolarctobacterium 
species.
(a) GF mice were inoculated orally with P. faecium JCM 30894 and P. succinatutens JCM 

16074 (106 CFU each strain). Mice were then injected with either a mouse IL-22Fc fusion 

protein or a control Fc protein. (Left) The DNA copy numbers of P. faecium and P. 
succinatutens in the feces were quantified by qPCR. Each copy number was normalized to 

that of the host genomic DNA (murine gTnf). Relative abundance to the control group is 

shown. (Right) The DNA copy numbers of host genomic DNAs (murine Tnf and Actb) in 

the 1g of feces were quantified by qPCR. Relative abundance to the control group is shown. 

Dots represent individual mice. Data are presented as mean ± s.e.m. (n=13, biologically 

independent animals). Data were pooled from 3 independent experiments. Statistical 

significance was assessed by Mann-Whitney U test (two-sided). (b) In vitro growth of P. 
faecium and P. succinatutens in PYS medium supplemented with colonic mucus derived 

from control (n=10) or αIL-22 antibody–treated mice (n=9, independent experiments). Data 

are presented as mean ± s.e.m.. Dots represent independent experiments. Statistical 

significance was assessed by 1-way ANOVA with Bonferroni post-hoc test (two-sided). (c) 

The GH73 mRNA expression in P. faecium and P. succinatutens during the growth on mucus 

was analyzed by qPCR. Expression was normalized to Eubacteria 16s rRNA. Data are 

presented as mean ± s.e.m. (n=3 independent experiments). Statistical significance was 

assessed by Student t-test (two-sided). (d) P. faecium and P. succinatutens growth on 

GlcNAc. Data are presented as mean ± s.e.m. (n=5 independent experiments). Statistical 

significance was assessed by Student t-test (two-sided). (e) The expression of 

glycosyltransferase genes in the colonic mucosa of GF Rag1−/− (n=6, biologically 

independent animals) and HC-HMA-Rag1−/− mice injected with control or αIL-22 antibody 

was determined by qPCR. Expression was normalized to that of the murine Actb gene. Data 

are presented as mean ± s.e.m.. Data were pooled from 2 independent experiments. 

Statistical significance was assessed by 1-way ANOVA with Bonferroni post-hoc test (two-

sided). (f) Colonic mucus derived from control or αIL-22 antibody–treated HMA-Rag1−/− 

mice were separated into GuHCl soluble and insoluble fractions. N-glycans were analyzed 
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by liquid chromatography–electrospray ionization tandem mass spectrometry. (g) The 

relative intensity of high-mannose, hybrid, and complex N-glycans in soluble and insoluble 

fractions. Data are presented as mean ± s.e.m. (n=5, biologically independent animals). Dots 

represent individual mice. Statistical significance was assessed by Mann-Whitney U test 

(two-sided) (f, g).
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Figure 4. N-glycan related glycosyltransferase gene expression and CDI risk in UC patients.
(a) The mRNA expression of glycosyltransferase-related genes in the colonic tissue from 

control subjects (n=11), patients with inactive UC (n=23) and patients with active UC 

(n=74). Data were derived from Gene Expression Omnibus (GEO) data sets GSE75214. 

Dots represent biologically independent subjects. Data are presented as mean ± s.e.m.. 

Statistical significance was assessed by Kruskal-Wallis test with Dunn’s post-hoc test (two-

sided). (b) The correlation between MGAT4A/MGAT4B and IL22RA2 mRNA expression in 

3 groups. Statistical significance was measured by Pearson correlation test (two-sided). (c) 

GF WT C57BL/6 mice were colonized with the gut microbiotas obtained from UC patients 

(UC-HMA mice). UC-HMA mice were then infected with C. difficile VPI 10463 spores 

(UC#1: n=3, UC#2: n=5, UC#3: n=3, UC#4: n=9, and UC#5: n=6, biologically independent 

animals). C. difficile load in feces was determined on indicated days, post-infection. Dots 

represent individual mice. Bars represent median. Data were pooled from 3 independent 

experiments. (Right) The mortality of C. difficile infected UC-HMA mice. (d) 

Representative histological images and associated histological scores. Scale bar is 100 μm. 

Dots represent individual mice. Data are presented as mean ± s.e.m. (n=3, biologically 

independent animals) from pooled 3 independent experiments.
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Figure 5. C. difficile utilizes luminal succinate for its growth in UC patients.
(a) Ex vivo germination and growth of C. difficile strain VPI 10463 in cecum contents 

isolated from HC-HMA and UC-HMA mice (n=3 biological independent animals). Data are 

presented as mean ± s.e.m. from pooled 3 independent experiments. Statistical significance 

was assessed by 1-way ANOVA with Bonferroni post-hoc test (two-sided). (b) Ex vivo 
germination and growth of WT or Cd-CD2344− mutant C. difficile in UC luminal contents. 

Data are presented as mean ± s.d. (n=3 technical replicates). Data are representative of 3 

independent experiments. Statistical significance was assessed by 2-way ANOVA with 

Bonferroni post-hoc test (two-sided). (c) UC-HMA mice were infected with WT or Cd-
CD2344− mutant C. difficile (WT: n=8, Mut: n=7, biologically independent animals). C. 
difficile load in feces was determined on indicated days post-infection. Dots represent 

individual mice. Bars indicate median. Data were pooled from 3 independent experiments 

Statistical significance was assessed by 2-way ANOVA with Bonferroni post-hoc test (two-

sided).
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Figure 6. Restoration of luminal metabolites reduces the risk of C. difficile infection.
(a-g) UC-HMA mice were infected with C. difficile VPI 10463 spores (103 spores/mouse). 

Mice were transplanted with a healthy, human-derived fecal microbiota (FMT) (n=6, 

biologically independent animals). (b) C. difficile load in feces. Dots represent individual 

mice. Bars indicate median. Data were pooled from 2 independent experiments. Statistical 

significance was assessed by 2-way ANOVA with Bonferroni post-hoc test (two-sided). (c-f) 
Fecal microbiota before CDI (day 0) was harvested and bacterial 16S rRNA sequences were 

analyzed. (c) Microbial community structures were analyzed using the Yue and Clayton 

dissimilarity distance metric (θYC). Statistical significance was assessed by AMOVA test 

(two-sided) (d) Shannon index (α-diversity) and number of OTUs (richness). Data are 

presented as mean ± s.d. (n=6, biologically independent animals). Statistical significance 

was assessed by Mann-Whitney U test (two-sided). (e) Bacterial taxonomy at the family 

level in the feces. (f) The relative abundance of Phascolarctobacterium species in the feces. 

Data are presented as mean ± s.d. (n=6 each). Statistical significance was assessed by Mann-

Whitney U test (two-sided). (g) Fecal succinate concentration at day 0 was analyzed by CE-

TOF/MS. Data are presented as mean ± s.d. (n=9, biologically independent animals). Dots 

represent individual mice. Data were pooled from 2 independent experiments. Statistical 

significance was assessed by Mann-Whitney U test (two-sided). (h-j) UC-HMA mice were 

infected with C. difficile VPI 10463 spores (103 spores/mouse). Mice were inoculated with 

P. faecium JCM 30894 and P. succinatutens JCM 16074 (106 CFU each strain). (i) Luminal 

succinate concentration was analyzed by LC-MS. Data are presented as mean ± s.d. (n=15, 

biologically independent animals) from pooled 3 independent experiments. Statistical 

significance was assessed by Mann-Whitney U test (two-sided). (j) C. difficile load in feces. 

Data are presented as mean ± s.d. (n=15, biologically independent animals) from pooled 3 

independent experiments. Statistical significance was assessed by 2-way ANOVA with 

Bonferroni post-hoc test (two-sided).
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