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SUMMARY

The impacts of individual commensal microbes on immunity and disease can differ dramatically 

depending on the surrounding microbial context, yet the specific bacterial combinations that 

dictate divergent immunological outcomes remain largely undefined. Here, we characterize 

an immunostimulatory Allobaculum species from an inflammatory bowel disease patient that 

exacerbates colitis in gnotobiotic mice. Allobaculum inversely associates with the taxonomically-
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divergent immunostimulatory species Akkermansia muciniphila in human microbiota-associated 

mice and human cohorts. Co-colonization with A. muciniphila ameliorates Allobaculum-induced 

intestinal epithelial cell activation and colitis in mice, while Allobaculum blunts the A. 
muciniphila-specific systemic antibody response and reprograms the immunological milieu in 

mesenteric lymph nodes by blocking A. muciniphila-induced dendritic cell activation and T 

cell expansion. These studies thus identify a pairwise reciprocal interaction between human 

gut bacteria that dictates divergent immunological outcomes. Furthermore, they establish a 

generalizable framework to define the contextual cues contributing to the ‘incomplete penetrance’ 

of microbial impacts on human disease.

Graphical Abstract

eTOC blurb

Microbial community context can critically alter commensal-induced immune responses. Here, 

Rice et al. describe a reciprocal interaction between a colitogenic human Allobaculum species 

and Akkermansia muciniphila that uniquely reprograms the immune responses elicited by either 

microbe alone, revealing non-linear impacts of interspecies interactions on host-immunity.

Keywords

Gut microbiota; immunostimulatory commensals; mucosal immunity; inflammatory bowel 
disease; human gut bacteria; reciprocal epistasis; mesenteric lymph nodes; intestinal epithelium

INTRODUCTION

Individual gut microbiota strains can influence diverse human phenotypes, but our 

understanding of the particular commensals that play causal roles in human health and 
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disease remains limited. We and others have leveraged antigen-specific mucosal and 

systemic antibody responses to the commensal microbiota to identify specific commensal 

taxa that induce adaptive immune responses and critically exacerbate or ameliorate 

susceptibility to mouse models of human diseases (Kau et al., 2015; Palm & de Zoete et 

al., 2014; Viladomiu et al. 2017). For example, ‘pathogenic’ immunostimulatory bacteria 

can play potentially causal roles in inflammatory bowel disease (IBD), autoimmunity, and 

malnutrition, while ‘beneficial’ immunostimulatory species have been employed to treat 

metabolic syndrome and to augment cancer immunotherapy (Atarashi et al., 2015; Atarashi 

et al., 2017; Brown et al., 2015; Kau et al., 2015; Plovier et al., 2017; Routy et al., 

2018; Zegarra-Ruiz et al., 2019). Nonetheless, potentially disease-driving bacteria are also 

found in apparently healthy individuals, and the effects of putative beneficial strains vary 

widely between subjects (Buffie et al., 2015; Ji et al., 2020; McDonald et al., 2018). 

Thus, the predictive power of strain carriage alone remains poor even for microbes with 

well-characterized disease-modulating activities, which severely hampers the accuracy of 

microbiome-based prognostics and constrains the efficacy of existing and emerging live 

bio-therapeutics.

One potentially key contributor to the ‘incomplete penetrance’ of microbial impacts on 

disease is that the effects of individual strains on host immunity can differ dramatically 

depending on the surrounding microbial community context (Belkaid et al., 2017; Buffie et 

al., 2013; Externest et al., 2000; Gould et al. 2018). However, the specific rules dictating 

these differential outcomes in humans remain almost entirely unclear. Here, by studying a 

unique colitogenic taxon isolated from IBD patients, we uncovered a reciprocal interaction 

between two phylogenetically distinct immunostimulatory taxa. Notably, co-colonization 

of gnotobiotic mice with these two unique immunogenic strains dramatically altered the 

immune responses elicited by each strain on its own. Borrowing from concepts in genetics, 

we refer to the relationship between these microbes as ‘epistatic’ to encapsulate the non-

linear impacts of this inter-species interaction on host phenotypes. Thus, these studies 

begin to decode the specific contextual cues that may underlie interindividual variation 

in responses to immunostimulatory strains and establish a generalizable framework for 

identifying specific microbial combinations that dictate the context-dependent impacts of 

commensal microbes on human health and disease.

RESULTS

Immunostimulatory Allobaculum strains from IBD patients exacerbate colitis in simplified 
gnotobiotic mouse models

We previously identified and isolated a highly immunoglobulin A (IgA)-coated strain from 

the genus Allobaculum from the gut microbiota of an ulcerative colitis (UC) patient (Fig. 

1A; Palm & de Zoete et al., 2014). This isolate, hereafter referred to as Allobaculum sp. 
128, is culturable under strict anaerobic conditions, and is nonmotile and non-spore-forming 

(Fig. 1B). Based on full-length 16S rRNA gene sequence similarity and whole-genome 

sequencing, this strain is a member of an unnamed species from the genus Allobaculum 
and the prevalent, yet poorly characterized, family Erysipelotrichaceae (Greetham et al., 

2004; Ha et al., 2020; Miyauchi et al., 2020). Because we found previously that IgA 
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coating marks potentially colitogenic strains in human IBD patients, we set out to establish 

a reductionist gnotobiotic mouse model to examine the individual impact of this unique 

immunogenic strain on immunity and colitis. We colonized germ-free wild-type (WT) 

C57BL/6 mice with a non-colitogenic mock community (MC) of nine human gut bacteria 

representing three major phyla in the human gut microbiota (Palm & de Zoete et al., 

2014) with or without Allobaculum sp. 128, and induced colitis by administering dextran 

sodium sulfate (DSS). We found that WT mice colonized with MC and Allobaculum 
sp. 128 exhibited severe, sometimes lethal, inflammation characterized by reduced colon 

length, elevated fecal lipocalin, and increased leukocyte infiltration, while mice colonized 

with MC alone showed only limited disease (Fig. 1C–1H). Notably, Allobaculum sp. 128 

abundance remained stable during colitis, suggesting that Allobaculum sp. 128 does not 

“bloom” in response to inflammation (Fig. S1A–S1B). Allobaculum sp. 128 colonization 

also exacerbated DSS colitis in gnotobiotic Rag1−/− mice, demonstrating that the colitogenic 

activities of Allobaculum do not strictly require T or B cells in the acute DSS model (Fig. 

1I–1L and S1C). Nonetheless, Allobaculum sp. 128 colonization also drove spontaneous 

disease development and expansion of Th17 cells in gnotobiotic Il10−/− mice (Fig. 1M–1N) 

(Fig. S1D–S1E). Finally, monocolonization with Allobaculum sp. 128 was sufficient to 

exacerbate acute DSS colitis as compared to a non-immunogenic strain from the family 

Erysipelotrichaceae (Fig. S1F–S1G).

To test whether other immunostimulatory strains from the genus Allobaculum also exhibit 

colitogenic activities, we identified a related Allobaculum strain in a UC patient from a 

separate IBD cohort and isolated this strain via high-throughput anaerobic culturomics and 

massively-parallel 16S rRNA gene sequencing. The full-length 16S rRNA sequence of this 

unique Allobaculum isolate was 95.2% similar to Allobaculum sp. 128, with a genome-level 

pairwise average nucleotide identity of 0.80, indicating that these are two different species 

within genus Allobaculum (Fig. S1H). Nonetheless, similar to the initial Allobaculum 
isolate, this second isolate also exacerbated DSS colitis in a simplified gnotobiotic mouse 

model (Fig. S1I–S1K).

Allobaculum sp. 128 elicits mucosal and systemic antibody responses at steady state

WT gnotobiotic mice colonized with Allobaculum sp. 128 showed no apparent intestinal 

inflammation in the absence of DSS treatment up to 12 weeks after colonization (Fig. 

S2A–S2B). However, because this strain was identified based on high levels of IgA coating 

in humans, we sought to directly interrogate the ability of Allobaculum to induce antigen-

specific antibody responses in gnotobiotic mice in the absence of overt pathology. As 

expected, we found that WT gnotobiotic mice colonized with MC plus Allobaculum sp. 128 

mounted a potent Allobaculum sp. 128-specific secretory IgA response (Fig. 2A–2C).

Select highly IgA-coated commensal strains, including gamma-Proteobacteria and 

Akkermansia muciniphila, also induce systemic IgA and IgG responses at steady state 

(Ansaldo et al., 2019; Castro-Dopico et al. 2019; Wilmore et al., 2018; Zeng et al., 2016). 

Similarly, Allobaculum sp. 128 colonization induced robust Allobaculum sp. 128-specific 

serum IgA and IgG responses at steady state (Fig. 2D–2E). However, systemic antibody 

responses to other strains in the mock community remained unchanged in the presence 
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or absence of Allobaculum sp. 128 (Fig. 2F), as did total serum Ig titers and gut barrier 

permeability (Fig. S2C–S2E). Nonetheless, we observed a slight increase in Allobaculum sp. 
128-specific fecal IgG and a modest decrease in colonic mucus thickness in Allobaculum 
sp. 128 colonized mice (Fig. S2F–S2G). Finally, consistent with the ability of Allobaculum 
to induce antigen-specific antibody responses, we also observed the presence of bacteria 

closely opposed to the colonic epithelium in MC + Allobaculum sp. 128 colonized mice 

(Fig. 2G).

To examine the Allobaculum sp. 128-induced mucosal response in an unbiased manner, we 

performed bulk RNA-seq on colon tissue isolated from gnotobiotic mice colonized with 

MC or MC + Allobaculum sp. 128. Gene ontology analysis of differentially expressed 

genes revealed an enrichment of genes involved in cytokine production, adaptive immune 

activation, and leukocyte proliferation in mice colonized with Allobaculum sp. 128 (Fig. 

2H–2I), underscoring the immunostimulatory effects of this strain. Together, these data 

demonstrate that Allobaculum sp. 128 evokes antigen-specific mucosal and systemic 

antibody responses, as well as low-level intestinal inflammation, but is insufficient to trigger 

a wholesale disruption of the epithelial barrier or cause overt intestinal pathology on its own 

in wild-type mice.

Allobaculum is inversely correlated with the phylogenetically-divergent 
immunostimulatory commensal Akkermansia muciniphila

Our gnotobiotic mouse data suggest that immunostimulatory Allobaculum strains may play 

potentially causal roles in IBD. However, we also detected related Allobaculum strains 

in a meta-analysis of microbiome data from ostensibly healthy humans (American Gut 

Project) (McDonald et al., 2018; Table S1). One potential explanation for this observation 

is that specific microbial taxa present in healthy humans may protect against the colitogenic 

effects of Allobaculum. To begin to examine this hypothesis, we established a human 

microbiota-associated gnotobiotic mouse-based screen to reveal potential relationships 

between Allobaculum and diverse bacterial taxa from the human gut microbiota. Briefly, 

we mono-colonized individually housed germ-free mice with Allobaculum sp. 128 for 

24 hours before gavaging each mono-colonized mouse with one of 19 different healthy 

human stool samples. After seven days, we evaluated microbial community composition 

in all mice via 16S rRNA gene sequencing (Fig. 3A–3B). As expected, mice colonized 

with different human samples harbored distinct microbial communities. Furthermore, we 

observed a range of Allobaculum sp. 128 colonization levels across these 19 unique 

community contexts (Fig. 3B). This variation in Allobaculum sp. 128 abundance was not 

due to variation in overall microbial diversity as there were no significant differences in 

richness or evenness between samples containing Allobaculum sp. 128 and those lacking 

Allobaculum sp. 128 (Fig. S3A). Thus, we hypothesized that specific microbial taxa may 

impact Allobaculum sp. 128 carriage or abundance. To identify such taxa, we calculated 

Spearman correlation coefficients for all genus-level OTUs paired with Allobaculum sp. 
128 abundance and tabulated log likelihood ratios for each pairing. Remarkably, the well-

known immunogenic mucinophile Akkermansia muciniphila (OTU_363731) exhibited the 

lowest Spearman coefficient (R = −0.52) and the most significant likelihood ratio (Fig. 

3B–3D, S3B, and Table S2). To test whether this relationship between Allobaculum sp. 128 
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and A. muciniphila is generalizable to humans with naturally acquired microbiomes, we 

assessed the relative abundance of these two taxa in publicly available large-cohort studies 

of pediatric ulcerative colitis patients (n = 1,212) and healthy human volunteers (n = 19,524) 

(McDonald et al., 2018; Schirmer et al., 2018; Table S1). We found that A. muciniphila 
or Allobaculum exhibited a broadly similar anticorrelation to what we observed in our 

human microbiota-associated gnotobiotic mice (Fig. 3E–3F). Overall, these data reveal an 

inverse relationship between two phylogenetically distinct immunostimulatory commensal 

taxa and raise the possibility that A. muciniphila may influence Allobaculum-induced 

immune responses.

A. muciniphila protects against Allobaculum-mediated exacerbation of DSS colitis

To test the potential effects of A. muciniphila on Allobaculum-induced immune responses, 

we colonized groups of WT gnotobiotic mice with either Allobaculum sp. 128, A. 
muciniphila (in-house human isolate 2G4), or both Allobaculum sp. 128 and A. muciniphila 
in the MC background and monitored their fecal microbiomes to ensure appropriate 

colonization (Fig. 4A–4B). Although we observed an anti-correlation between Allobaculum 
and A. muciniphila abundance across diverse community settings in both human microbiota-

associated mice and humans (Fig. 3D–3F), we found that both species durably co-colonized 

gnotobiotic mice in the MC setting (Fig 4B). This is consistent with the observation that a 

subset of humans are co-colonized with A. muciniphila and Allobaculum, suggesting that 

these two species can co-exist in select settings. As expected, Allobaculum-colonized mice 

exhibited severe colitis after DSS treatment, as measured by fecal lipocalin and gross colon 

pathology. However, both A. muciniphila- and co-colonized mice displayed significantly 

lower levels of intestinal inflammation (Fig. 4C–4F).

To examine whether this protection was mediated by a reduction in Allobaculum sp. 128 

abundance or localization, we assessed absolute Allobaculum sp. 128 abundance in the feces 

and ileal mucosa via absolute quantitative amplicon sequencing and FISH. We observed 

that co-colonization had no appreciable effect on the absolute abundance of Allobaculum 
sp. 128 in the feces or ileal mucosa, and a slight reduction in A. muciniphila CFUs (Fig. 

4H, 4K). Nonetheless, we note that both Allobaculum sp. 128 and A. muciniphila durably 

co-colonized the ileal mucosa (Fig. 4G–4K and Fig. S3C). Furthermore, co-colonization also 

had only modest impacts on Allobaculum sp. 128 and A. muciniphila gene expression as 

measured by bacterial transcriptomics (Fig. S3D–S3F). Together, these data suggest that the 

impacts of co-colonization on colitis are not due to alterations in Allobaculum density or 

direct inter-bacterial interactions; however, we cannot completely rule out a role for direct 

niche competition in A. muciniphila-mediated amelioration of Allobaculum-induced colitis.

We next tested the effects of Allobaculum sp. 128, A. muciniphila, or co-colonization 

on IEC activation and observed that Allobaculum sp. 128 colonization elicited increased 

inflammatory gene expression in both ileal and colonic IECs, but this effect was blocked 

by co-colonization with A. muciniphila (Fig. 4L–4N). Daily gavage of germ-free mice with 

sterile Allobaculum sp. 128 culture supernatant for 10 days was insufficient to induce 

key inflammatory genes in IECs (Fig. 4O–4R). However, gavage with A. muciniphila 
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supernatant profoundly suppressed the expression of Allobaculum-induced genes in 

MC+Allo colonized mice (Fig. 4O–4R).

A. muciniphila protects against Allobaculum-induced colitis in gnotobiotic mice colonized 
with a complete human gut microbial community and A. muciniphila-mediated protection 
is consistent across multiple A. muciniphila strains

We next tested whether A. muciniphila could protect against Allobaculum-induced colitis 

in the context of a complex human gut microbial community. We colonized germ-free mice 

with homogenized stool from a healthy human donor plus either Allobaculum sp. 128, 

A. muciniphila, or both immunogenic strains and then induced colitis using DSS (Fig. 5A–

5B). Consistent with what we observed in the context of a simplified mock community, 

co-colonized mice exhibited significantly less severe colitis as compared to mice colonized 

with Allobaculum sp. 128 in the absence of A. muciniphila (Fig. 5A–5E). Finally, to test 

whether the protective effects of A. muciniphila are consistent across strains, we assessed 

the impacts of type strain A. muciniphila (ATCC BAA-835) on Allobaculum-induced colitis 

and observed significant A. muciniphila-mediated amelioration of Allobaculum-mediated 

disease (Fig. S4A–S4E). Together, these data demonstrate that A. muciniphila ameliorates 

pathological intestinal immune responses incited by Allobaculum sp. 128 in multiple 

ecological contexts and across multiple independent strains.

Allobaculum sp. 128 blunts antigen-specific systemic antibody responses to A. 
muciniphila and oral vaccination

In addition to testing the effects of co-colonization on local intestinal inflammation, we also 

performed immunophenotyping of the mesenteric lymph nodes (MLN) after DSS treatment 

to assess potential inflammatory signatures outside the gut lamina propria (Fig. S4F–S4G). 

However, unlike in the colon, where A. muciniphila ameliorated Allobaculum-induced 

responses, co-colonization blunted putative A. muciniphila-induced immune responses. For 

example, MLNs from mice colonized with MC + A. muciniphila contained elevated levels 

of dendritic cells (DC) compared to those colonized by MC + Allobaculum sp. 128, and 

this effect was abrogated in mice co-colonized with both Allobaculum sp. 128 and A. 
muciniphila (Fig. S4H). These data imply that Allobaculum sp. 128 colonization may alter 

A. muciniphila-induced immune responses outside the colon. Based on this observation, 

we hypothesized that co-colonization may affect the development of Allobaculum sp. 128-

specific and A. muciniphila-specific immune responses in a bi-directional manner.

Because both Allobaculum sp. 128 and A. muciniphila induce potent systemic IgG 

responses, we next examined the effects of co-colonization on systemic antibody responses 

at steady state (Fig. 6A). As expected, colonization with A. muciniphila or Allobaculum sp. 
128 in the MC background elicited potent bacterial-specific serum IgG and IgA responses 

(Fig. 6B). Despite the protective effects of A. muciniphila on Allobaculum-induced 

colitis, Allobaculum-specific antibody responses were unaltered after co-colonization. By 

contrast, Allobaculum sp. 128 co-colonization almost completely blocked the induction 

of A. muciniphila-specific serum IgA and IgG1 responses (Fig. 6B).Thus, co-colonization 

with Allobaculum sp. 128 and A. muciniphila reciprocally alters the immune responses 

elicited by each organism in isolation. We observed that co-colonization modestly reduced 
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the absolute abundance of A. muciniphila in the terminal ileum (Fig. 4K), which 

could potentially explain why Allobaculum inhibits A. muciniphila-induced systemic IgG 

responses. However, colonization with Allobaculum sp. 128 also significantly decreased 

systemic IgG responses to oral vaccination with cholera toxin (CT), suggesting that the 

impacts of Allobaculum on A. muciniphila-induced responses are not simply due to reduced 

A. muciniphila colonization (Fig. 6C–6D). Overall, these data show that Allobaculum sp. 
128 blunts systemic antibody responses to both endogenous A. muciniphila antigens and an 

exogenous vaccine antigen.

Allobaculum sp. 128 and A. muciniphila elicit unique alterations in the immunological 
landscape in mucosal lymphoid organs, which are reciprocally reprogrammed by co-
colonization

To further explore the individual and combined impacts of Allobaculum sp. 128 and A. 
muciniphila on host immune responses, we performed single-cell RNA sequencing (scRNA-

seq) and simultaneous repertoire sequencing on mesenteric lymph node (MLN) and Peyer’s 

patch (PP) cells from gnotobiotic mice colonized for four weeks with either MC alone, MC 

with Allobaculum sp. 128 or A. muciniphila, or MC with both Allobaculum sp. 128 and 

A. muciniphila. We captured 4,391–10,306 cells per microbiota group, with 77.3–93.6% 

cells passing quality filters set to retain only viable cells with high-quality transcriptomes 

(Fig. S5A–S5B). After data scaling, dimensionality reduction, and manual annotation of 

clusters based on conserved marker genes, we observed significant microbiome-dependent 

alterations in the relative abundance of diverse immune cell populations (Fig. 7A–B and 

S6A).

At baseline, Allobaculum sp. 128 colonization induced only subtle alterations in the 

immunological milieu in PP and MLN compared to mice colonized with MC alone, 

including slight increases in activated B and T cells, plasmacytoid dendritic cells, and 

lymphoid tissue inducer (LTi) cells in the MLN, and increased Tfh/Tfr, dendritic cell, and 

LTi in the PP (Fig. 7A–7B and S7A). However, A. muciniphila colonization induced an even 

more dramatic immunological restructuring, particularly in the MLN. This reprogramming 

was characterized by increases in activated CD4+ T cells and B cells, as well as increases 

in plasma cells, macrophages, and B cell zone reticular cells. Remarkably, most A. 
muciniphila-induced changes in the MLN were severely blunted upon co-colonization 

with Allobaculum sp. 128, while Allobaculum-induced alterations were either unaltered or 

enhanced upon co-colonization (Fig. 7A and S7B–S7E). A. muciniphila- and Allobaculum-
induced alterations in PP cellularity were less dramatic overall and were characterized 

mainly by an increase in Tfh/Tfr cells, which was unaltered by co-colonization. Together, 

these data suggest that co-colonization with Allobaculum sp. 128 and A. muciniphila 
reprograms the immune responses elicited by each organism on its own.

Finally, we leveraged our scRNA-seq and TCR repertoire sequencing data to dissect 

the cellular mechanisms by which co-colonization with Allobaculum sp. 128 blunts the 

A. muciniphila-induced systemic antibody response. As expected, we observed that A. 
muciniphila-induced alterations in B cell clusters in the MLN were similarly blunted by co-

colonization (Fig. S7C–S7E, clusters 6, 11, & 18). Since the systemic antibody response to 
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A. muciniphila is T cell-dependent (Ansaldo et al., 2019), we next examined the activation 

and clonal expansion of T cells in individually colonized and co-colonized mice, with a 

specific focus on T follicular helper (Tfh) cells. A. muciniphila colonization alone was 

associated with the expansion of global TCR repertoire clonality, emergence of specific 

clonotypes in both the MLN and PP, and the appearance of a unique population of Tfh cells 

in the MLN (Fig. 7C–7G). However, these responses were nearly completely blocked by 

co-colonization with Allobaculum (Fig. 7C–7G). These data suggest that Allobaculum may 

prevent the initial priming of A. muciniphila-specific T cells in the MLN, for example by 

blocking A. muciniphila-induced activation or migration of professional antigen-presenting 

cells such as dendritic cells (DCs). Indeed, we found that A. muciniphila colonization 

elicited a unique population of migratory DCs (MigDC) in the MLN that exhibited 

enhanced expression of transcripts encoding antigen presentation machinery and activation 

markers, and the appearance of these cells was completely abrogated by co-colonization 

with Allobaculum (Fig. 7H–7J; cluster 10 in Fig. S6 & S7C–S7E). Overall, these data 

suggest that Allobaculum may block A. muciniphila-specific adaptive immune responses by 

preventing A. muciniphila-induced activation of intestinal dendritic cells.

DISCUSSION

Accumulating evidence suggests that individual immunostimulatory strains can play 

potentially causal roles in human health and disease, but the full spectrum of human gut 

microbes that shape human immunity remains to be defined. Furthermore, the presence or 

absence of such ‘causal’ strains alone remains a poor prognostic marker for phenotypic 

outcomes in humans, suggesting that additional factors may critically alter the responses 

elicited by specific microbial strains in different individuals. Here, by uncovering a 

pairwise reciprocal epistatic interaction between two immunostimulatory gut commensals, 

we begin to decode the microbiota-dependent contextual cues that dictate divergent immune 

responses to colonization with individual gut commensals. Overall, these studies support a 

model whereby the impacts of specific immunostimulatory strains in each individual are 

determined by the presence or absence of other immunomodulatory taxa.

We identified two independent Allobaculum strains from IBD patients that exacerbated 

colitis in gnotobiotic mouse models, implying that immunogenic Allobaculum species may 

play causal roles in disease in a subset of IBD patients. Notably, recent studies in mice and 

humans have identified phylogenetically related taxa as potential drivers of autoimmunity 

in mice and Crohn’s disease in humans. A mouse-associated strain of Allobaculum drove 

intestinal T cell responses and facilitated the induction of autoimmunity (Miyauchi et al., 

2020), while Erysipleotrichaceae strains were enriched in creeping fat in Crohn’s disease 

patients (Ha et al., 2020). Although the specific mechanisms by which Allobaculum and its 

relatives induce intestinal inflammation remain unclear, an ability to invade the mucus layer 

and trigger inflammatory responses in IECs, including the production of serum amyloid 

A, may contribute to the pathogenic impacts of this genus (Atarashi et al., 2015; Lee 

et al., 2020; Miyauchi et al., 2020; van Muijlwijk et al., 2021). Notably, IECs from 

Allobaculum sp. 128-colonized mice displayed similar gene expression patterns to IECs 

from human ulcerative colitis patients, including changes in serum amyloid A, guanylate 

cyclase, cathepsins, and claudins (Parikh et al., 2019). Overall, Allobaculum and related taxa 
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may be important drivers of pathological intestinal inflammation in humans and potential 

therapeutic targets for the treatment of inflammatory disease.

We and others have previously demonstrated that IgA coating can be used as a marker 

to identify potentially pathogenic immunostimulatory strains in IBD (Palm & de Zoete 

et al., 2014; Viladomiu et al., 2017). Indeed, we originally identified Allobaculum sp. 
128 as a putative disease-driving microbe in IBD based on its high level of coating with 

secretory immunoglobulin IgA. However, highly IgA-coated taxa can also exhibit beneficial 

and immunoregulatory effects (Peterson et al., 2007; Kawamoto et al., 2014; Kubinak et 

al., 2015; Donaldson et al., 2018). For example, highly IgA-coated bacteria from healthy 

humans can protect against the pathogenic effects of IgA-coated taxa from undernourished 

children (Kau et al., 2015). Furthermore, A. muciniphila, which can protect against diet-

induced obesity and is associated with enhanced responses to immunotherapy, is the most 

prevalent highly IgA-coated taxon in healthy humans (Png et al., 2010; Everard et al., 2013; 

Palm & de Zoete et al., 2014; Bajer et al., 2017; Routy et al., 2018). High IgA-coating 

thus marks microbes that elicit diverse adaptive immune responses at steady state. Our prior 

studies of IgA coating of the human gut microbiota suggested that each individual harbors 

only a handful of potent immunostimulatory strains (less than ten), which may compete 

for a limited number of unique immunogenic niches. These niches likely share specific 

features that facilitate active sampling by the immune system and thus initiation of innate 

and adaptive immune responses.

A growing body of work demonstrates that the specific immune responses induced by 

individual immunostimulatory commensal species are often highly dependent on the 

inflammatory and microbial context. For example, murine Helicobacter species that drive 

colitis in mouse models of IBD primarily trigger Treg responses in healthy animals, but 

the same microbial antigens elicit pathogenic effector T cells upon induction of colitis 

(Chai et al., 2017; Xu et al., 2018). Furthermore, A. muciniphila elicits Tfh responses in 

mice colonized with Altered Schaedler flora (ASF), but induces a mixture of Th cell types, 

including Th1, Th17, and Tregs, in the context of a complex microbiota (Ansaldo et al., 

2019). The magnitude of the antigen-specific IgG response to A. muciniphila was also 

highly variable in the presence of a complex microbiota and some animals even lacked 

detectable A. muciniphila-induced T cell responses in these settings (Ansaldo et al., 2019). 

Our studies suggest that Allobaculum or other phylogenetically or functionally related taxa 

may explain this context-dependence of the adaptive immune response to A. muciniphila.

Conversely, while A. muciniphila co-colonization had no appreciable effect on 

Allobaculum-induced systemic IgG responses, both co-colonization and feeding with A. 
muciniphila supernatants ameliorated Allobaculum-induced IEC activation and colitis. 

Additional studies will be necessary to determine if these activities are conserved across 

diverse A. muciniphila strains and additional microbial contexts, as well as whether they 

are mediated by previously described A. muciniphila-derived immunomodulatory products 

(Plovier et al., 2017; Becken et al., 2021; Liu et al., 2021). Nonetheless, these observations 

may at least partially explain the relatively common detection of putative disease-driving 

taxa such as Allobaculum sp. in ostensibly healthy human subjects. In this model, the 

pathogenic effects of disease-driving taxa may be blunted by ‘epistatic’ interactions with 
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phylogenetically divergent immunostimulatory taxa such as A. muciniphila. Notably, A. 
muciniphila is significantly more prevalent and abundant in healthy humans as compared 

to IBD patients, and carriage of Allobaculum alone is rare among healthy humans. Taken 

together, our data underscore the importance of microbial context in dictating immune 

responses elicited by individual commensal organisms and suggest that immunostimulatory 

strains provide critical contextual cues that alter the magnitude, specificity, or polarization of 

intestinal immune responses. Thus, the composite effects of the specific immunostimulatory 

strains present in each person (the immunostimulatory gut microbiota composition code) 

may determine individual immunological outcomes and susceptibility to immune-related 

diseases. Borrowing from concepts in genetics, we refer to the non-linear impacts of these 

interactions on the host as ‘epistatic’ since they uniquely alter the phenotypes elicited by 

either microbe on its own and can potentially be mediated by either direct or indirect 

inter-species interactions.

Using scRNA-seq, we found that both Allobaculum sp. 128 and A. muciniphila dramatically 

reshaped the immunological milieu in the PP and MLN at homeostasis and that co-

colonization reprogrammed the immune responses elicited by each microbe on its own. 

These data thus demonstrate that immunostimulatory commensals critically shape the 

immunological environment in the gut, which may also impact the initiation or polarization 

of immune responses to intestinal antigens beyond the commensal microbiota, including 

food- and self-antigens, as well as mucosal vaccines. Indeed, we found that Allobaculum 
colonization also blunted systemic IgG responses to oral CT immunization. Although the 

precise molecular mechanisms by which A. muciniphila and Allobaculum sp. 128 reshape 

steady-state and pathophysiological immune responses remain unclear, our data suggest that 

impacts on critical cell types such as IECs and dendritic cells may explain at least some of 

the epistatic interactions between these gut commensals.

These proof-of-concept studies represent a critical first step toward establishing a microbiota 

composition code that more accurately predicts the impacts of immunogenic species/strains 

on human physiological trajectories. Furthermore, they provide a generalizable experimental 

framework to define the specific microbes and microbial interactions that dictate these 

divergent outcomes. The ability to predict the epistatic impacts of immunostimulatory 

taxa has potentially profound therapeutic implications, even beyond improving microbiome-

based diagnostics and prognostics. For example, the approaches described here can 

potentially be used to identify specific microbial taxa that neutralize the pathogenic activities 

of detrimental immunostimulatory species/strains. These “precision probiotics” may be 

particularly useful for treating or preventing disease in individuals harboring “matched” 

disease-driving taxa. Conversely, carriage of specific taxa that blunt the beneficial effects 

of particular strains may predict non-responsiveness to live bio-therapeutics (e.g., proposed 

microbial adjuncts for cancer immunotherapy, including A. muciniphila), which may be 

useful as a gating strategy for patient selection or to identify patients that would benefit 

from a specific pre-treatment regimen (e.g., antibiotic pre-treatment prior to fecal microbiota 

transplantation). Overall, these studies begin to uncover the key contextual features that 

contribute to the incomplete penetrance of strain-specific microbial impacts on human 

disease and may eventually enable the development of improved microbiota-targeted 

interventions tailored to the specific microbial context of each individual.
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LIMITATIONS OF THE STUDY

These studies reveal one example of pairwise reciprocal epistasis between two unique 

immunomodulatory taxa. Additional studies will be necessary to determine the broader 

relevance of reciprocal epistasis across diverse taxa and microbiota compositions. While 

our data suggest that the epistatic interactions described here are not primarily mediated 

by bacterial competition, we cannot completely rule out a role for direct inter-species 

interactions, and the relative importance of direct versus indirect interactions may vary 

across biological and experimental contexts. Furthermore, because we focused our efforts on 

understanding the immunological mechanisms of microbial epistasis, the specific bacterial 

molecules or behaviors that mediate these effects remain to be defined. Finally, determining 

the broader therapeutic potential of these observations in IBD will require an in-depth 

examination of the kinetics of epistasis-mediated protection both before, during, and after 

the onset of disease.

STAR★METHODS

Detailed Methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead Contact.—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Noah W. Palm (noah.palm@yale.edu)

Materials availability.—Further information and requests for resources and reagents 

should be directed to the Lead Contact, Noah W. Palm (noah.palm@yale.edu).

Data and code availability.—Whole genome sequences, fecal 16S microbiota profiles, 

and bulk RNAseq data are available at NCBI Bioproject PRJNA739762. Single-cell RNAseq 

data are available at NCBI GEO GSE179165.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains.—Frozen stocks of each strain were streaked on Gut Microbiota 

Media agar (Goodman, et al. 2011) or Gifu Anaerobic Media agar (HyServe #05422) 

and incubated 48h at 37°C. Unless otherwise noted, all bacteria were grown in anaerobic 

conditions (gas composition: 4% H2, 10% CO2, 86% N2). Single colonies were picked 

into sterile broth and grown overnight at 37°C without shaking. 10μl aliquots of overnight 

broths were removed for alkaline lysis with boiling to extract genomic DNA, then 

identities of these monocultures were confirmed by PCR amplification of the 16S rRNA 

gene V4 region and Sanger sequencing (V4_F: GTGCCAGCMGCCGCGGTAA, V4_R: 

GGACTACHVGGGTWTCTAAT; or full-length 16S rRNA gene, using published primer 

sequences 8F and 1391R). Sequences were queried against NCBI and RDP databases.

Human fecal samples.—Human study protocols were approved by the Institutional 

Review Board (HIC #1607018104) of Yale School of Medicine. Informed consent was 

obtained from all participants and/or their legal guardians and all methods were performed 

according to relevant guidelines and regulations. Healthy subjects were recruited via 
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advertisements on the Yale medical campus and in the New Haven Public Library. All fecal 

samples in this study were collected at home and stored on ice packs at −20°C before either 

overnight shipment or direct laboratory drop-off the day following collection in an insulated 

container. Samples were then stored at −80°C until use.

Animal experiments.—Germ-free mice (C57Bl/6, Rag1−/−, Il10−/−) were maintained in 

flexible film isolators (CBC) with all bedding, chow (Teklad 2018S), and water being 

autoclaved before import. All germ-free breeding isolators were regularly monitored for the 

presence of bacteria (both culture-dependent and -independent techniques). All experiments 

were conducted by transferring mice to positive pressure ventilated microisolator cages 

(Techniplast #ISO72P), and inoculating each mouse by oral gavage immediately upon 

transfer. Inocula were previously prepared in anaerobic culture and frozen at −80°C in media 

+ 20% glycerol in gasket-sealed airtight glass vials (Wheaton). The day of inoculation, 

Wheaton vials were thawed to 25°C and 0.1mL gavaged per mouse. All animal protocols 

were approved by Yale University Institutional Animal Care and Use Committee (IACUC 

Protocol 2018-11513). All animal experiments were replicated in both male and female 

mice of 6–8 weeks of age. Dextran Sodium Sulfate (DSS; TdB Labs) was dissolved 

in sterile H2O to 2% w/v and passed through a 0.2μm vacuum filter before ad libitum 

administration. To assess gut permeability, mice were fasted for 4h before gavage with 

600 mg/kg FITC-Dextran (Sigma Aldrich #46944). For oral vaccinations, 10μg of cholera 

toxin (List Biological Laboratories #100B) was administered by gavage weekly. Serum was 

collected under isoflurane anesthesia, by retro-orbital puncture.

METHOD DETAILS

Fecal sample processing.—Freshly defecated fecal samples were collected into sterile 

2mL screw-cap tubes and rehydrated in 1mL sterile PBS, disrupted by 10sec bead beating 

(Lysing matrix D beads, MP Biomedicals) in a Biospec bead beater, then centrifuged 5min 

at 50×g to gently pellet large debris. Bacterial cell suspension was then transferred to sterile 

2mL deep-well plates for downstream processing. Fecal bacteria were pelleted at 10,000×g 

for 10min, and clarified fecal water was removed for evaluation of Lipocalin-2 content by 

ELISA (R&D Systems DY1857). Bacterial pellet was resuspended in Qiagen PowerBead 

buffer, sonicated for 5min in sonicating water bath, lysis buffer was added, then complete 

lysis achieved by 0.1mm bead beating followed by genomic DNA isolation (Qiagen DNeasy 

Ultraclean Microbial; cat #12224). For absolute quantification of microbial strains in vivo, 

ZymoBIOMICS Spike-in Control I reagent was spiked into all sample wells before DNA 

extraction, according to manufacturer’s instructions (Zymo Research #D6320).

Microbiota profiling.—The 16S rRNA gene V4 region was amplified from each bacterial 

gDNA sample by PCR according to a dual-index multiplexing strategy (Kozich, et al. 2013), 

then amplicons were normalized and cleaned (Agencourt AMPure XP purification beads; 

Beckman Coulter #A63881). Samples were pooled and libraries were quantified by qPCR 

(KAPA Biosystems KK4835; Applied Biosystems QuantStudio 6 Flex instrument) then 

sequenced on an Illumina Miseq in 2×250 PE configuration, using a 500 cycle V2 reagent 

kit (#MS-102-2003).
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Whole genome sequencing.—Overnight bacterial cultures were harvested by 

centrifugation, cells were lysed for high molecular weight gDNA extraction (Quick-DNA 

HMW MagBead Kit; Zymo Research #D6060). Genomic DNA was used to prepare two 

different types of sequencing libraries. Illumina’s Nextera XT kit (#FC-131-1024) was 

used to prepare short-read libraries, which were sequenced on Illumina Miseq (2×250), 

while Oxford Nanopore Technologies Ligation Sequencing kit (#SQK-LSK109) was used to 

prepare long-read libraries, which were sequenced using ONT MinION (Flow cell R9.4.1; 

#FLO-MIN106D).

Histology.—Whole mouse colons were placed in plastic histology cassettes and immersed 

in Bouin’s fixative fluid for 24h before transfer to 70% ethanol, paraffin embedding, 

sectioning, and H&E staining. Blinded slides were scored by a board-certified pathologist. 

For assessment of colonic mucus thickness, colon tissues were fixed in Carnoy’s solution 

for four hours, embedded in paraffin, sectioned, and stained with periodic acid Schiff (PAS). 

The thickness of the inner mucus layer) was quantified using ImageJ (Johansson et al. 2008; 

Kamphuis et al., 2017).

RNA-seq.—Colon tissues were opened longitudinally and washed thoroughly in sterile 

PBS until no visible fecal debris remained, then finely minced with a razor blade and 

transferred to 2mL screw-cap tubes with 1mL ice-cold TRI Reagent (Sigma Aldrich 

#T9424) and nuclease-free 0.1mm glass beads, thoroughly bead beating for 20sec *3, resting 

on ice in between. Bulk RNA samples were cleaned using Qiagen RNeasy Mini columns, 

DNase I digested, and quality checked on an Agilent Bioanalyzer RNA 6000 Nano Kit 

(#5067-1511). Colon RNAseq libraries were prepared by Yale Center for Genome Analysis 

staff and run using Illumina Hiseq 2×75 chemistry. Intestinal epithelial cell and bacterial 

RNAseq libraries were prepared using 60ng total RNA input into Illumina Total Stranded 

RNA Prep Kit with Ribo-zero Plus (#20040529) and sequenced using Illumina NovaSeq 

(2×150).

Fluorescence in situ hybridization.—1cm segments of mouse tissue were excised and 

fixed in Carnoy’s solution (1 Acetic Acid : 3 Chloroform : 6 Ethanol) for no more than 

2 hours. Fixed tissues were embedded in paraffin for 5μm cryosectioning. Slides were 

deparaffinized in xylenes, rinsed in ethanol, and dried thoroughly before hybridization. 

Bacterial probe EUB-338 ([Cy3]-5’–GCTGCCTCCCGTAGGAGT-3’-[Cy3]) and VP403 

([biotin]-5’-CGAAGACCTTATCCTCCACG-3’-[biotin]) were used for staining at 1μg/mL 

in hybridization buffer (0.9M NaCl + 0.02M Tris, pH 7.5 + 20% Formamide + 0.05% SDS) 

in a humidified chamber for 2h at 46°C. After washing, slides were counterstained with 

DAPI and mounted in ProlongGold Antifade mounting media with overnight curing. Images 

were acquired on a Leica SP8 confocal microscope running LAS-X software version 3.1.5.

Bacterial flow cytometry.—Fecal bacterial cell suspensions were transferred to sterile 

LB+20% Glycerol and frozen at −80°C until further analysis. Bacteria were thawed on 

ice, then aliquoted 10^4 – 10^5 CFU per well of 2mL 96-deep-well plate (pellet not visible)

(Moor, et al. 2016). Each staining reaction was blocked with normal rat serum for 15min, 

then washed in sterile PBS/0.1%BSA. Staining for endogenous coating by mouse IgA 

Rice et al. Page 14

Cell Host Microbe. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was performed at 1:100 with PE-conjugated eBioscience clone mA-6E1 (Thermo Fisher 

#12420482). Cells were washed three times in 500μl PBS, then transferred to 1.1mL 

microdilution tubes (VWR 20901-013) for analysis on a BD FACS Calibur instrument, 

including control tubes for sterile buffer (log FSC, log SSC), unstained cells, and secondary 

only-stained cells to set appropriate gates. A minimum of 50,000 events/sample were 

collected and analyzed using FlowJo v9.

Bacterial ELISAs.—Overnight broth cultures of bacterial strains of interest were washed 

three times in sterile PBS, then normalized to an OD600 of 0.1. Many 100μl aliquots were 

prepared and snap frozen in liquid nitrogen. To prepare ELISA plates, bacterial aliquots 

were thawed on ice, diluted further 1:10 in PBS, then coated 50μl/well of Nunc Maxisorp 

Immunoplates overnight at 4°C. The next day plates were spun 15min at 5000×g before 

discarding supernatant and confirming bacterial adhesion by phase contrast microscopy. 

Plates were blocked with 1%BSA in PBS before serially diluting serum or fecal water. 

After 2h incubation at RT, plates were washed four times with TBS-T, then mouse IgG 

was detected using HRP-conj. Goat anti-Ms-IgG (Thermo Fisher Scientific #31430; 1:6,000 

dilution), or mouse IgA using HRP-conj. Goat anti-Ms-IgA (Sigma Aldrich A4789; 1:6,000 

dilution). Plates were washed four times before detection with TMB (Pierce), stopped with 

2N H2SO4, and read at Abs 450nm (Molecular Devices SpectraMax i3x).

Intestinal epithelial and lamina propria cell isolation.—Ileum and colon tissue 

was harvested into 25°C complete RPMI 1640 medium (supplemented with 10% FBS, Pen-

Strep, L-Glutamine, HEPES). After thorough cleaning in sterile PBS to remove all visible 

fecal debris, tissues were shaken in strip buffer (HBSS + 1.5mM EDTA + 0.145 mg/mL 

DTT) at 37°C 225rpm for 20min to remove mucus and epithelial layers. Epithelial cells 

were filtered through stainless steel mesh, then centrifuged 10min 400×g, and resuspended 

in Trizol for RNA extraction. Remaining lamina propria tissue was shaken in strip buffer 

a second time, then minced and transferred to cRPMI + 0.5mg/mL DNase + 1mg/mL 

Collagenase D for 45min shaken at the same speed. Then cells were filtered twice through 

stainless steel mesh and lymphocytes enriched in a 40%−70% Percoll interface (20min 

at 600×g, brake off). Cells were aliquoted to round-bottom polystyrene microplates for 

Fc Blocking, fluor-conjugated antibody staining (see Table 1), and washing. Ex vivo cell 

restimulations were performed for 4h with 50ng/mL PMA + 1μM ionomycin, in the 

presence of brefeldin A (GolgiStop reagent, BD #554724), before surface staining, fixation, 

permeabilization, and intracellular staining.

MLN & PP cell isolation.—Mucosal lymphoid tissues were dissected and gently washed 

in sterile PBS, transferred to digestion media (serum-free RPMI 1640 supplemented with, 

Pen-Strep, L-Glutamine, HEPES, 2-mercaptoethanol, NEAA, Sodium Pyruvate, DNase I, 

and Collagenase D) in 30mL beaker with a small magnetic stir bar and stirred at 400rpm 

in 5%CO2 incubator for 15min. After stirring, beakers were transferred to ice and triturated 

with media containing 3% FBS, filtered through stainless steel mesh, centrifuged 350×g 

10min 4°C. Cells were washed twice more in media to remove large debris chunks, then 

resuspended in PBS + 0.04%BSA and filtered again through 40μm nylon.
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Single-cell RNA sequencing.—Single cell suspensions were counted by hemacytometer 

and normalized to 1e6/mL for submission to Yale Center for Genome Analysis staff for 

droplet generation and gel bead encapsulation using 10X Genomics Controller. Cell lysis, 

barcoding, and reverse transcription were performed using Chromium 5’ V2 chemistry 

according to manufacturer’s instructions. PCR-amplified gene expression libraries were 

quantified and evaluated for QC by Agilent Bioanalyzer, and sequenced on Illumina 

NovaSeq 6000 at a depth of 175M read pairs per library.

Dendritic cell–T cell co-cultures.—MLNs were digested to generate single cell 

suspensions as described above and MLN DCs were isolated from each mouse using 

EasySep Mouse Pan-DC Enrichment Kit (Stem Cell Technologies #19763), counted by 

hemacytometer, normalized for cell concentration, and plated at 7.5e4 cells/well of a round-

bottom TC plate. OT-II cells were isolated from pooled spleens and peripheral lymph nodes 

of OT-II mice using EasySep Mouse Naïve CD4+ T cell isolation kit (Stem Cell Tech 

#19765), labeled for 20min in 5μM CellTraceViolet (Biolegend #425101), and plated at 2e5 

cells/well with 100ng/mL OVA. On day 3 of co-culture, T cell proliferation was assessed by 

flow cytometry.

Bioinformatic analyses.—Phylogenetic analysis of bacterial taxa belonging to family 

Erysipelotrichaceae: 16S rRNA gene sequences from NCBI Genbank were aligned using 

Clustal Omega and alignments imported into MEGA v10.2.6. Phylogenetic trees were 

constructed using both neighbor-joining method and maximum likelihood estimation 

method, in each case bootstrapping for 1,000 replicates, both of which resulted in the 

same overall phylogeny. Trees were visualized using interactive Tree of Life (Letunic and 

Bork 2021). Whole genome assemblies: long-read fastq files were passed to Flye v2.6 

for assembly (Kolmogorov et al., 2019) and short-read fastq files were used to finish 

assembling remaining contigs using Unicycler v0.4.9b (Wick et al., 2017). Microbiota 

profiling: 16S rRNA amplicon sequencing data were processed and analyzed using QIIME 

(v1.9), including rarefaction to 1000 reads/sample, elimination of reads below a frequency 

of 0.0001, open reference OTU picking, and filtering out contaminating OTUs known to 

originate from water control PCRs (Caporaso, et al. 2010; Lozupone, et al. 2012; McDonald, 

et al. 2012). Bulk RNAseq sequencing data were trimmed, aligned to mouse genome or 

bacterial genomes, and gene counts quantified using Partek Flow (v6.0). Gene lists were 

analyzed for GO enrichment using Panther v14 available at http://geneontology.org (Mi, 

et al. 2019). Single cell sequencing data were demultiplexed then processed using 10X 

Genomics cellranger count. Count matrices were imported into Seurat (v3.2.1) within R 

(v4.0.3) (Butler, et al. 2018), paired with microbiome metadata, filtered for nFeature_RNAs 

<500 & <5000 and percent mitochondrial genes <8%. Clusters were generated by UMAP 

with resolution = 0.8, manually annotated based on expression of conserved marker genes, 

then analyzed for differential expression across microbiome groups using FindMarkers. 

MLN cell clusters were analyzed for pairwise enrichment in microbiome conditions via 

MELD, using default parameters (Burkhardt et al., 2021). TCR repertoires were analyzed 

using Immunarch (Immunomind Team 2019).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted in GraphPad Prism v9. Unless otherwise noted, data are 

plotted as mean ± SEM. Each figure legend describes the sample sizes of the data shown in 

that figure, as well as the specific statistical tests applied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights for CHM title page:

Allobaculum (Allo) isolates from ulcerative colitis patients exacerbate colitis in mice

Immunostimulatory Allo. sps. inversely correlate with Akkermansia muciniphila (A. 
muc)

Co-colonization uniquely alters immune responses elicited by Allo. or A. muc. alone

Reciprocal “epistatic” inter-species interactions non-linearly impact host immunity
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Figure 1. An Allobaculum species from an ulcerative colitis patient exacerbates acute and chronic 
colitis in gnotobiotic mice.
(A) Identification and Isolation of IgA-coated Allobaculum sp. 128 from an ulcerative colitis 

patient. (B) Scanning electron micrographs of Allobaculum sp. 128 in vitro. Scale bars, 2μm 

(top), 10μm (bottom). (C-H) Germ-free WT mice were gavaged and colonized for seven 

days before treatment with 2% DSS-H2O ad libitum. (C) Fecal microbiota on d0 (first bar) 

and d7 (bars 2–5) of DSS. (D-E) Colons on d7 and representative H&E sections. Scale 

bars, 1mm. (F) Colon length on d7. (G) Fecal lipocalin (LCN2) on d2. (H) Histopathology 

scores. (I-L) Acute DSS colitis in Rag1−/− gnotobiotic mice: colon length (I), d2 fecal 
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lipocalin (J), lamina propria CD45+Ly6G+ neutrophils (K), and colon explant cytokines 

(L). (M-N) Spontaneous colitis in Il10−/− gnotobiotic mice: fecal LCN2 (M) and colon 

histopathology scores (N). Welch’s t-test was used to compare microbiota groups. * P<0.05, 

** P<0.01, *** P<0.001, **** P<0.0001. Error bars show mean ± SEM. (C-H) show one of 

N=6 independent experiments, n=5–6 mice per group. (I-L) show one of N=4 independent 

experiments, n=4–9 mice/group. (M-N) show one of N=3 independent experiments, n=5 

mice/group.
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Figure 2. Allobaculum sp. 128 elicits mucosal and systemic immunity at steady state.
(A-B) GF WT mice colonized with MC or MC+Allobaculum sp. 128 were analyzed for 

fecal bacteria IgA coating (n=4 per group). (C) Allobaculum sp. 128-specific fecal water 

IgA and (D-E) serum IgA & IgG. (F) MC-specific serum IgG (n=3–6 mice per group). 

Welch’s t-test was used to compare microbiota groups at week 7. * P<0.05, ** P<0.01, 

*** P<0.001, **** P<0.0001. Data shown in (A-F) are representative of N=2 independent 

experiments. (G) Colon sections stained with bacterial FISH probe EUB338 and DAPI. 

Scale bars, 25μm. Solid yellow line: epithelial brush border; white dashed line: inner mucus 

layer. N=2 independent experiments with n=2 mice/group. (H) Bulk colon RNAseq at 4wks 

colonization (n=2–3 per group). Volcano plot of significantly differentially expressed genes 

and (I) gene ontology pathway enrichment for MC+Allo vs MC. Data shown in (H-I) is from 

N=1 experiment.
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Figure 3. Allobaculum sp. 128 is inversely correlated with Akkermansia muciniphila in human 
microbiota-associated gnotobiotic mice.
(A) Experimental workflow. (B) GF WT mice were gavaged with Allobaculum sp. 128, then 

with healthy human stool 24h later. Fecal pellets were collected for microbiota profiling 

(n=19). Bacterial OTU legend shown in Figure S4B. (C) Spearman correlation of each genus 

OTU to Allobaculum sp. 128 abundance, and log-likelihood ratio P-values. (D) XY plot of 

data in (B). (E-F) Meta-analysis of human microbiome datasets (see Table S1): American 

Gut Project (McDonald, et al. 2018) and pediatric ulcerative colitis (UC) (Schirmer, et al. 

2018). Data shown in (A-D) are from N=1 experiment.
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Figure 4. A. muciniphila attenuates Allobaculum sp. 128-mediated intestinal epithelial cell 
activation and colitis.
(A) Experimental schematic. (B) Fecal microbiota composition profiled over four weeks 

(n=3–4 mice/group). (C) Experimental schematic for DSS colitis. (D) d2 fecal lipocalin 

and (E-F) colon length at euthanasia. (G-K) Absolute quantitative microbial profiling. (L) 

Principal component analysis (PCA) of gene expression in intestinal epithelial cells (IEC) 

after 2 weeks of colonization. (M-N) Log2 fold change of the top differentially expressed 

genes. (O) Experimental schematic: colonization with live commensal microbes or daily 

gavage with sterile culture supernatant for 10 days before RNA harvest from IEC. (P-R) Ileal 
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IEC expression of key Allobaculum-induced genes. Error bars show mean ± SEM. Welch’s 

t-test was used to compare across MC+Allo+A.m.supe vs MC+Allo; * P<0.05, ** P<0.01. 

Data shown in (D-F) are one representative of N=2 experiments. Data shown in (A), (G-K), 

(L-N), and (O-R) are each from separate N=1 experiments.
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Figure 5. A. muciniphila colonization protects against Allobaculum sp. 128-induced colitis in the 
context of a complex human microbiota.
(A) Experimental schematic using human fecal sample HC19. (B) Fecal microbiota 

composition on d3 of colitis. (C) Fecal lipocalin assessed on d2–3. (D-E) Colon length at d7 

euthanasia. Error bars show mean ± SEM. Welch’s t-test was used to compare microbiota 

groups. * P<0.05, ** P<0.01. Data shown are from N=1 experiment.
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Figure 6. Allobaculum sp. 128 blunts antigen-specific serum antibody responses to A. muciniphila 
and oral vaccination.
(A) Experimental schematic. (B) Dilution curves of A. muciniphila-reactive and 

Allobaculum sp. 128-reactive serum IgA & IgG1 (n=3–5). (C-D) Cholera toxin (CT)-

specific serum IgG at 5 weeks. Error bars show mean ± SEM. Welch’s t-test was used to 

compare MC+A.m. to MC+Both at each dilution. * P<0.05, ** P<0.01, *** P<0.001, **** 

P<0.0001. Data shown in (B) are representative from one of N=4 independent experiments. 

Data shown in (D) are from N=1 experiment.
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Figure 7. Allobaculum sp. 128 and A. muciniphila induce context-dependent transcriptomic 
reprogramming in mucosal lymphoid tissues.
(A-B) Annotated dimensionality reduction plots of single-cell gene expression libraries, 

pooled by tissue (A, MLN; B, PP). Right, heatmap of cell lineage relative frequency 

normalized to MC. (C) TCR repertoire diversity. (D) Top 12 most expanded clonotypes 

in MC+A.m. mice. (E,H) MLN Tfh+Tfr and MigDC were re-clustered and highlighted by 

microbiome. (F) Expression of key genes within Tfh+Tfr. (G) Prominent TCR clonotypes 

within MLN Tfh+Tfr induced by MC+A.m. (H) MLN MigDC UMAP clustering. (I) 

Expression of key MigDC antigen presentation genes. (J) Top 100 differentially expressed 
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genes within MLN MigDC transcriptomes. Error bars show mean ± SEM. Welch’s t-test 

was used to compare gene expression across microbiome groups. * P<0.05, ** P<0.01, *** 

P<0.001, **** P<0.0001. Data shown from N=1 experiment with n=3 mice/group, pooled.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-Ms Ly6G (FITC) BD Cat#551460; clone 1A8; Lot#6033810

Rat anti-Ms CD4 (FITC) BD Cat#553729; clone GK1.5; Lot#5191688

Hamster anti-Ms TCRbeta (BUV737) BD Cat#612821; clone H57-597; Lot#9331214

Rat anti-Ms CD45 (APC-Cy7) BD Cat#557659; clone 30-F11; Lot#5357842

Hamster anti-Ms CD3e (Pacific Blue) BD Cat#558214; clone 500-A2; Lot#5009871

Rat anti-Ms IL-17A (AF647) BD Cat#560184; clone TC11-18H10; Lot#7104724

Rat anti-Ms I-A/I-E (BV605) BD Cat#563413; clone M5/114.15.2; Lot#5170799

Rat anti-CD11b (BUV395) BD Cat#565976; RRID AB_2738276

Rat anti-Ms/Hu CD45R/B220 (BV711) BioLegend Cat#103255; clone RA3-6B2; Lot#B223589

Goat anti-Ms IgG (AF647) BioLegend Cat#405322; RRID AB_2563045; Lot#B246161

Rat anti-Ms IgA (PE) eBioscience / Thermo Fisher Scientific Cat#12420482; clone mA-6E1; Lot#2173312

Rat anti-Ms CD16/32 eBioscience / Thermo Fisher Scientific Cat#14016186; clone 93; Lot#4333612

Hamster anti-Ms/Hu CD11c (AF700) eBioscience / Thermo Fisher Scientific Cat#56011480; clone N418; Lot#E089601632

LIVE/DEAD Fixable Blue Dead Cell 
Stain Kit, for UV excitation

Thermo Fisher Scientific Cat#L23105

Goat anti-Ms IgG (H+L) (HRP) Thermo Fisher Scientific Cat#31430; Lot#UB278606

Goat anti-Ms IgA (HRP) Sigma Aldrich Cat#A4789

Bacterial and Virus Strains

Bacteroides sp. Palm & de Zoete, et al. Cell 2014. NWP_0582

Parabacteroides distasonis Palm & de Zoete, et al. Cell 2014. NWP_0583

Peptoniphilus sp. Palm & de Zoete, et al. Cell 2014. NWP_0584

Bacteroides ovatus Palm & de Zoete, et al. Cell 2014. NWP_0585

order Clostridiales UC Palm & de Zoete, et al. Cell 2014. NWP_0586

family Lachnospiraceae UC Palm & de Zoete, et al. Cell 2014. NWP_0587

Collinsella stercoris Palm & de Zoete, et al. Cell 2014. NWP_0588

Bacteroides uniformis Palm & de Zoete, et al. Cell 2014. NWP_0589

Parabacteroides sp. Palm & de Zoete, et al. Cell 2014. NWP_0590

Allobaculum sp. 128 Palm & de Zoete, et al. Cell 2014. NWP_0324

Allobaculum sp. Allo2 this paper NWP_0593

Akkermansia muciniphila Derrien, et al. 2004 ATCC BAA-835

Akkermansia muciniphila 2G4 this paper NWP_0598

Chemicals, Peptides, and Recombinant Proteins

Gifu Anaerobic Media HyServe Cat#05422

Gut Microbiota Media (GMM) Goodman, et al. 2011 N/A

Dextran Sodium Sulfate (DSS) TdB Labs Cat#DB001

Bouin’s Fixative Solution Fisher Scientific Cat#11201

TRI Reagent Sigma Aldrich Cat#T9424
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REAGENT or RESOURCE SOURCE IDENTIFIER

TMB Substrate Kit Thermo Fisher Scientific Cat#34021

Sulfuric Acid, 2.0 N Avantor Cat#H381-05

RPMI 1640 Thermo Fisher Scientific Cat#11875-119

DNase I, bovine pancreas Sigma Aldrich Cat#10104159001

Collagenase D (type IV) Sigma Aldrich Cat#11088882001

Percoll VWR Cat#89428-524

Phorbol-12-myristate-13-acetate (PMA) Sigma Aldrich Cat#P1585-1MG

Ionomycin Calcium salt, ready made Sigma Aldrich Cat#I3909-1ML

GolgiStop Protein Transport Inhibitor BD Cat#554724

Critical Commercial Assays

MagAttract Microbial DNA Kit (384) Qiagen Cat#27200-4

PCR Purification Kit, Agencourt AMPure 
XP

Beckman Coulter Cat#A63881

NGS Library Quantification Complete kit 
(ABI Prism)

KAPA Biosystems Cat#KK4835

MiSeq Reagent Kit v2 (500 cycles) Illumina Cat#MS-102-2003

Mouse Lipocalin-2/NGAL DuoSet ELISA R&D Systems Cat#DY1857

Bioanalyzer RNA 6000 Nano Kit Agilent Cat#5067-1511

ZymoBIOMICS Spike-in Control I (High 
Microbial Load)

Zymo Research Cat#D6320

Stranded Total RNA Prep kit for RNAseq 
libraries

Illumina Cat#20040529

Wet-to-Digital H&E histology services Histowiz N/A

Deposited Data

Allobaculum sp. 128 whole genome 
sequence

NCBI Genbank CP078089

Allobaculum sp. 'Allo2' whole genome 
sequence

NCBI Genbank CP078088

Bulk colon RNAseq NCBI Bioproject PRJNA739762

Bulk intestinal epithelial RNAseq NCBI Bioproject PRJNA739762

Bulk microbial RNAseq NCBI Bioproject PRJNA739762

MLN & PP single cell RNAseq NCBI GEO GSE179165

Experimental Models: Organisms/Strains

Germ-free C57BL/6 mice University of Chicago Animal Resources 
Center

N/A

Germ-free Il10−/− mice University of Michigan Gnotobiotics N/A

Germ-free Rag1-/- University of Michigan Gnotobiotics N/A

Oligonucleotides

EUB-338 (FISH) Canny, et al. 2006. [Cy3]-5’-GCTGCCTCCCGTAGGAGT-3’-[Cy3]

VP403 (FISH) Arnds, et al. 2010 [biotin]-5’-CGAAGACCTTATCCTCCACG-3’-
[biotin]

Hprt_qpcr_F this paper TCAGTCAACGGGGGACATAAA

Hprt_qpcr_R this paper GGGGCTGTACTGCTTAACCAG
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REAGENT or RESOURCE SOURCE IDENTIFIER

Saa1_qpcr_F this paper TCTGGAGTTTTCCCAAGGGTG

Saa1_qpcr_R this paper GGTGAGTAGCTTCATCCTCTGTC

Saa3_qpcr_F this paper TGAAAGAAGCTGGTCAAGGGTC

Saa3_qpcr_R this paper TCCCCCGAGCATGGAAGTAT

Reg3b_qpcr_F this paper ATACCCTCCGCACGCATTAG

Reg3b_qpcr_R this paper TCTTTTGGCAGGCCAGTTCT

Software and Algorithms

GraphPad Prism https://www.graphpad.com/scientific-
software/prism/

v9

QIIME http://qiime.org/ v1.9

MEGA https://www.megasoftware.net/ v10.2.6

FlowJo Treestar v10

Partek Flow https://www.partek.com/partek-flow/ v6

Panther http://geneontology.org/ v14

Seurat https://satijalab.org/seurat/index.html v3.2.1

Immunarch https://immunarch.com/ v0.6.6

R https://www.r-project.org/ v4.0.3

Other

Anaerobic Culture Chambers Coy N/A

Flexible Film Gnotobiotic Isolators Class Biologically Clean N/A

Isocage P Microisolator Caging System Techniplast Cat#ISO72P

Bead Beater Biospec N/A

Spectramax i3x plate reader Molecular Devices Cat#i3x

QuantStudio 6 Flex Real-Time PCR 
Instrument

Applied Biosystems Cat#4485699
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