
Therapeutic Opportunities in Inflammatory Bowel Disease: 
Mechanistic Dissection of Host-Microbiome Relationships

Damian R. Plichta1, Daniel B. Graham1,2,3,4, Sathish Subramanian5, Ramnik J. Xavier1,2,3,4,*

1Broad Institute of MIT and Harvard, Cambridge, MA, USA.

2Center for Computational and Integrative Biology, Massachusetts General Hospital and Harvard 
Medical School, Boston, MA, USA.

3Department of Molecular Biology, Massachusetts General Hospital and Harvard Medical School, 
Boston, MA, USA.

4Center for Microbiome Informatics and Therapeutics, MIT, Cambridge, MA, USA.

5Department of Medicine, Division of Gastroenterology, Massachusetts General Hospital, Boston, 
MA, USA.

Abstract

The current understanding of Inflammatory Bowel Disease (IBD) pathogenesis implicates a 

complex interaction between host genetics, host immunity, microbiome and environmental 

exposures. Mechanisms gleaned from genetics and molecular pathogenesis offer clues to the 

critical triggers of mucosal inflammation and guide the development of therapeutic interventions. 

A complex network of interactions between host genetic factors, microbes, and microbial 

metabolites governs intestinal homeostasis, making classification and mechanistic dissection of 

involved pathways challenging. In this review we discuss these challenges, areas of active 

translation, and opportunities for development of next-generation therapies.

1. The current state of treatment: Challenges posed

Clinical and endoscopic characteristics, such as disease location, distinguish the two major 

types of IBD, ulcerative colitis (UC) and Crohn’s disease (CD). While UC is restricted to the 

colon, mucosal inflammation in CD can involve the entire depth of the tissue and is 

associated with complications such as strictures and fistulas. In some patients, however, IBD 

cannot be definitively classified as either UC or CD. Treatment regimens overlap for these 

conditions, and include aminosalicylates; corticosteroids; immunomodulators; janus kinase 

inhibitors; or ‘biologic’ therapies, including monoclonal antibodies to Tumor necrosis 

factor-ɑ (TNF-ɑ), interleukin (IL)-12/23, or integrins to target inflammatory/trafficking 

pathways. Biologic therapies have increased quality of life and reduced the risk of disease-

related complications, including surgery and hospitalization. However, up to 40% of patients 
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do not respond to initial treatment. Among initial responders, 13–46% lose response over the 

subsequent year, with estimates varying by therapy, disease subtype and definition of non-

response. In some fistulizing CD cases, fistula recurrence after treatment is as high as 64% 

(Roda et al., 2016).

The lack of treatment response raises two challenges to the advancement of IBD therapy: (i) 

further need for mechanistic understanding of disease drivers, incorporating features of 

heterogeneity, host genetics and the microbiome and (ii) renewed classification systems 

based on clinical, molecular and artificial intelligence methods to facilitate prognostication 

for clinicians to identify therapeutic non-responders and guide proactive treatment 

algorithms. Our understanding and ability to treat IBD is limited by factors including 

variable disease onset, genetic and clinical heterogeneity and pharmacokinetics [Table 1]. 

Many non-responders have adequate circulating levels of the drug, suggesting that rapid 

drug clearance is not a major contributor to lack of response. Additionally, the complexity of 

underlying disease mechanisms which impact distinct inflammatory pathways point to an 

unmet need to develop therapies that target specific pathways, including those that alter 

intestinal barrier function, tissue metabolism, immunity, fibrosis and fistulization. While 

existing IBD therapies target inflammation broadly, utilizing a pathway-focused approach in 

individual patients may increase the likelihood of success, reduce off-target effects, and 

result in durable benefits and modification of disease trajectory.

Current disease classification systems incorporate anatomic distribution, clinical severity, 

age of onset, and behavior (fibrosing, penetrating). Antibodies towards self, microbial 

antigens and other peptides have been proposed as biomarkers of antigen-reactivity with 

limited clinical utility (Prideaux et al., 2012). Classifiers incorporating genetic, microbiome 

and clinical parameters to differentiate responders from non-responders to TNF and anti-

integrin therapy have been developed (Ananthakrishnan et al., 2017). Although promising as 

a proof-of-concept, such classifiers require further validation for use in routine clinical 

practice. Given these challenges, this review proposes specific areas to improve mechanistic 

understanding and integrate bench and bedside studies to advance therapeutic options.

2. IBD genetics and functional links to the microbiome

Studies of IBD genetics have identified over 200 loci that explain a modest 8–13% of 

disease susceptibility risk variance (Jostins et al., 2012; de Lange et al., 2017; Rivas et al., 

2011), highlighting the importance of non-genetic modifiers, such as intestinal microbes, 

that drive the pathological immune response in a genetically susceptible host (Xavier and 

Podolsky, 2007). Paradoxically, this breakdown in immune tolerance can be driven by 

seemingly opposing host genetic vulnerabilities. Both hyperinflammatory phenotypes and 

immunodeficiency phenotypes have been associated with risk of IBD onset. Chronic 

inflammation resulting from intestinal barrier dysfunction and/or colonization of the 

epithelial surface can create an intestinal tissue environment that alters colonization niches 

in the gut. A chronic low-grade inflammatory intestinal milieu can significantly impact the 

microbiome by selecting against species sensitive to inflammation and promoting blooms of 

functionally adapted species. Despite the intimate relationship between host and 
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microbiome, identifying confident associations between host genetics (IBD SNPs) and 

microbiome features remains challenging.

The dysbiotic gut microbiome, defined as having a reduced microbial diversity and richness 

compared to healthy controls, has been extensively characterized in IBD (Lloyd-Price et al., 

2019; Vich Vila et al., 2018) and reviewed in detail (Schirmer et al., 2019). The reduced 

richness does not necessarily simplify the task of finding links to host genetics. Inter-

personal microbiome variation remains high in IBD, with many species occurring rarely in 

the general population due to diet, use of medication or ecological interactions. In addition, 

the different physiological functions and geography of the GI tract creates ecological niches 

that select for distinct microbial communities, which are additionally stratified by their 

mucosal or lumenal location (Zmora et al., 2018). Several studies identified links between 

genetic variants and gut microbes. For example, NOD2 variants are associated with 

abundance of Faecalibacterium prausnitzii, genus Roseburia and family Enterobacteriaceae 

(Aschard et al., 2019; Knights et al., 2014). NOD2 is a host intracellular sensor of bacterial 

infection by that recognizes the prokaryotic cell wall component muramyl dipeptide (MDP) 

and elicits a proinflammatory cytokine response in phagocytes (Girardin et al., 2003). The 

ubiquity of MDP across microbiome taxa/phyla, however, likely precludes identification of 

functional associations. In fact, NOD2 variants associate with taxa that are also observed in 

microbiome case-control studies in non-IBD diseases such as liver cirrhosis (Qin et al., 

2014), suggesting that NOD2-associated dysregulation of microbial sensing broadly 

contributes to dysbiosis. This example underscores the complexity of IBD genetics and 

microbiome diversity and highlights challenges in identifying functional host-microbiome 

connections.

Current challenges highlight the need for new computational approaches to associate 

microbiome traits with host genetics. For example, the fungal mycobiome, often overlooked 

in IBD studies, can be functionally distinguished from the bacterial microbiome based on 

the mechanisms by which the host innate immune system recognizes microbial ligands. 

CARD9 is an essential adaptor protein required for NF-κB activation downstream of fungal 

ligand-sensing receptors such as Dectin-1. Consistent with its role in antifungal immunity, a 

common CARD9 missense variant (S12N) was associated with intestinal colonization by a 

commensal fungus Malassezia restricta in CD (Limon et al., 2019). Furthermore, CARD9 

has been linked to circulating antibodies against M. restricta, indicating that breakdown of 

innate immunity translates into durable adaptive immunity in CD patients (Limon et al., 

2019). Similar to the impact of fungi on immunity, host genetic variation interacts with viral 

encounters to modulate intestinal homeostasis. For example, the IBD risk gene Atg16l1 
functionally interacts with viral sensing pathways mediated by cGAS-STING to regulate 

intestinal inflammation in an IL-22-dependent manner (Aden et al., 2018). Atg16l1 
hypomorphic mice with dextran sodium sulfate-induced epithelial injury exhibit Paneth cell 

granule morphology abnormalities and exacerbated colitis when infected with a murine 

norovirus (MNV CR6) (Cadwell et al., 2010). These examples underscore the role of non-

bacterial microbiome constituents in host immunity. Further unraveling these interactions 

will require cohort expansion and stool sample biobanking, followed by microbiome typing 

of bacteria as well as fungi, small eukaryotes and vira in patients with genotypes of interest.

Plichta et al. Page 3

Cell. Author manuscript; available in PMC 2020 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In IBD genetics, risk variants implicate a core set of functionally related pathways that 

represent vulnerabilities to intestinal inflammation (Momozawa et al., 2018). They 

encompass four broad overlapping categories: (i) microbial sensors and innate cytokine 

pathways, (ii) antibacterial effector mechanisms (oxidative burst, autophagy), (iii) antigen 

presentation and adaptive cytokine pathways, and (iv) epithelial barrier function. For 

example, NOD2 and CARD9 variants alter NF-κB signaling, increasing inflammatory 

cytokine production across microbial sensing pathways. According to this pathway-level 

perspective, functional connections between host and microbiome are best approached by 

searching for associations between host-pathway genetic risk scores and microbe-pathway 

metagenomic annotations (Figure 1). In essence, this strategy condenses a multitude of host 

genetic risk factors into functionally related pathway scores and parses many metagenomes 

into functionally related gene classes, thereby allowing for discovery of pathway-level 

associations between host genetic factors and the microbiome. This approach addresses 

inter-personal genetic heterogeneity, which introduces diverse vulnerabilities for 

microbiome dysbiosis. Encapsulating these genetic variants into separate scores or mutation 

loads for the major groups of IBD pathways could account for the molecular programs 

implicated in UC and CD and facilitate identification of common and rare variants in the 

same genes (Christodoulou et al., 2013). Furthermore, it would reduce the multiple testing 

burden when analyzing associations between IBD genetics and environmental modifiers 

such as the gut microbiome.

Coding variants associated with early onset IBD, including rare XIAP variants that diminish 

NOD2 signaling or mutations in nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase complex subunit genes, suggest functional interactions between the innate immune 

system and the microbiome (Amininejad et al., 2018; Denson et al., 2018). For example, the 

NADPH oxidase complex (CYBB, CYBBA, NCF1, NCF2, NCF4) is highly expressed in 

phagocytes, providing innate defense against microbial infection by producing toxic reactive 

oxygen intermediates (ROIs). Loss of function mutations in NADPH oxidase subunits result 

in chronic granulomatous disease (CGD), a severe primary immunodeficiency associated 

with recurrent bacterial and fungal infections. CGD patients are susceptible to infection with 

catalase-positive bacteria (Muise et al., 2012), suggesting that in IBD, hypomorphic alleles 

of NADPH oxidase subunits may alter host immunity to allow catalase positive gut 

commensals to occupy a permissive niche. This rationale suggests a possible relationship 

between host genotypes and abundance of microbiome genes mitigating ROI toxicity (e.g. 

catalase, superoxide dismutase, thioredoxin). Thus, carriers of IBD risk variants in NCF4 
may have higher incidences of colonization by various facultative anaerobes in the 

Enterobacteriaceae family that can tolerate oxygen levels found in intestinal tissue but are 

normally susceptible to killing by phagocyte-derived ROI. In summary, condensing 

functionally related host genetic variables and microbiome traits could facilitate discovery 

and strengthening of associations between human genetics and the gut microbiome 

(Rothschild et al., 2018), particularly within the context of immune functions discussed in 

detail in the following sections.
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3. Mechanisms of adaptive immunity towards microbiome antigens

Among the most robust genetic associations linking host immunity with microbial infection 

and/or autoimmunity are variants within the human leukocyte antigen (HLA) locus. 

Population-level HLA gene variation is concentrated within the peptide-binding groove of 

class I and class II major histocompatibility complexes (MHC). Variants alter MHC binding 

specificity and profoundly impact the spectrum of antigenic peptides presented to T cells. 

How HLA impacts commensal antigen presentation to T cells in IBD and how commensal-

specific T cells impact intestinal pathology remains unclear. MHC class I and II (HLA) 

allele associations have been reported for CD (15 alleles) and UC (16 alleles, mostly class 

II), while fine variant mapping detected signal heterogeneity for clinical IBD phenotypes 

(Goyette et al., 2015). DRB1*01:03 is a strong MHC II risk allele for IBD with colonic 

involvement, while DRB1*07:01 in CD associates with non-colonic inflammation (Goyette 

et al., 2015). Sequence preferences for HLA binding are established for many alleles, 

however it remains unclear how the T cell pool is shaped by HLA-associated peptidomes 

during thymic selection and in the periphery.

The host immune system maintains tolerance to diverse immunogenic antigens produced by 

commensals. In this regard, the microbiome can be considered a host “self” tissue that is 

uniquely immune privileged. The intestinal lumen is not constitutively occupied by immune 

cells and is not directly surveilled by mechanisms of cellular immunity, but is subject to 

protection by mechanisms of humoral immunity (Bunker et al., 2017). The intestinal mucosa 

is rich in neutralizing commensal-specific IgA, which differs from other immunoglobulin 

isotypes that engage host cellular effector mechanisms, such as the complement system and 

Fc receptors. Accordingly, the immune system does not sterilize the lumen in an antigen-

specific manner and is generally not equipped for killing lumenal microbes/pathogens. For 

example, adaptive immunity to C. difficile does not eradicate the bacterium from the lumen, 

but can instead inhibit infection of host mucosal tissue and systemic infection. Thus, 

coordinated T and B cell responses confer immunity to commensals, with T cells providing 

cytokine support for B cell functions including antibody class switch recombination, somatic 

hypermutation, and affinity maturation. In particular, T cell dependent anti-commensal IgG 

responses are associated with future diagnosis of type 1 diabetes (T1D) and depended on 

HLA genotype (Paun et al., 2019). Similar mechanisms may apply to IBD, as CD patients 

exhibit higher levels of immunoglobulins directed towards food antigens and commensal 

species (Lerner et al., 1989; Paun et al., 2019). These findings suggest impaired self-

tolerance in T cell-dependent antibody responses. Recent studies showed that commensal-

reactive B cells can evade autoreactivity by undergoing receptor editing, a process in which 

B cells re-rearrange light chain loci to mitigate local hyper-reactivity (Wesemann et al., 

2013). While an analogous process in T cells has not been conclusively demonstrated, 

commensal-specific T cells have been identified that express dual T cell receptors (TCRs) 

with two distinct alpha chains. T cell reactivity towards segmented filamentous bacteria 

(SFB) is associated with dual TCR usage in lung autoimmune T cells, suggesting that dual-

specificity T cells directed against microbiome antigens and autoantigens may contribute to 

autoimmune pathologies (Bradley et al., 2017).
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If we consider the microbiome to be a “self” tissue, how is tolerance established and 

maintained? Commensal-reactive T cells that develop in the thymus are not subject to the 

typical negative selection mechanisms that enforce central tolerance. Instead, multiple 

peripheral tolerance mechanisms control immune responses mediated by T cells expressing 

TCRs with high affinity to commensal antigens (Figure 2A). However, T cells expressing 

TCRs with low affinity/avidity for non-cognate commensal epitopes may function as 

positively selecting self ligands in the periphery that aid in T cell survival and tuning of TCR 

activation thresholds (Figure 2A). Recent studies demonstrated the importance of these 

ligands for conditioning T cell responses (Persaud et al., 2014; Wegorzewska et al., 2019). 

Thus, peripheral T cell maintenance may be promoted by tonic TCR signaling induced by 

interactions with weak self/commensal peptide ligands presented by MHCII. Taken together, 

commensal epitopes may function as weak self ligands that condition host T cell responses 

and/or strong antigenic ligands that either drive T cell effector responses or induce 

peripheral tolerance. Defining the functional impact of the microbiome on host adaptive 

immunity will require a more thorough characterization of the commensal antigen landscape 

and the T cell responses directed towards these antigens.

Microbiome antigen discovery efforts identified several MHCII-restricted CD4 T cell 

epitopes in mouse models. Early efforts used serum from a mouse model that develops 

spontaneous colitis to identify T cell epitopes in bacterial flagellin (Cong et al., 2009). 

Subsequent work identified Helicobacter hepaticus-specific Treg responses (Xu et al., 2018), 

Th17 reactivity with specific SFB antigens (Yang et al., 2014), and Tfh reactivity with 

Akkermansia mucinophila (Ansaldo et al., 2019). T cell antigen discovery is more 

challenging in humans, given the diversity of HLA alleles and individual microbiomes. For 

these reasons, much of the work aimed at monitoring human adaptive immunity to 

commensals has focused on antibody-mediated B cell responses. Current approaches in IBD 

utilize serology to measure antibodies against a panel of microbial or self-antigens, 

including anti-Saccharomyces cerevisiae antibody (ASCA) and self perinuclear anti-

neutrophil cytoplasmic antibody (pANCA), as well as more recently identified epitopes 

derived from E. coli OmpC or the conserved flaggelin epitope CBir1. These antibodies are 

observed in UC and CD patients, although at varying frequencies, thus limiting their 

diagnostic sensitivity (Prideaux et al., 2012). Collectively, these antigens represent a narrow 

view of the immunogenic landscape in IBD, and as efforts in antigen discovery advance, the 

field will benefit from gaining a more expansive perspective on the relationship between the 

microbiome and the adaptive immune system (Honda and Littman, 2016; Sefik et al., 2015).

With accumulating metagenomic datasets, predictive computational algorithms can facilitate 

antigen discovery and prioritization of antigenic peptides from the gut proteome (Graham et 

al., 2018). Once predicted epitopes are experimentally validated, it is equally important to 

establish immunodominance hierarchies by quantitatively monitoring antigen-specific T cell 

responses, TCR repertoires, and functional T cell phenotypes (Graham et al., 2018). New 

approaches in single cell RNA sequencing paired with targeted TCR sequencing have 

provided unique insights into T cell function relative to TCR antigen specificity, and high 

throughput TCR fingerprinting approaches have been leveraged to screen for reactivity to 

candidate peptide-MHCII ligands (Graham et al., 2018). Several additional approaches have 

been developed to facilitate high-throughput screening of MHCI-associated tumor antigens. 
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Screens employing yeast display technology (Gee et al., 2018), DNA-barcoded tetramers 

(Bentzen et al., 2016), trogocytosis (Li et al., 2019) or T-cell based antigen discovery 

platforms (Joglekar et al., 2019) have enabled discovery of MHCI-associated antigens for 

cytotoxic T cells.

The clinical utility of antigen discovery holds potential for biomarker identification and 

antigen-specific immunotherapies. The continuous interaction of the microbiome and host 

adaptive immune system is dynamic and depends on factors intrinsic to immune function. 

Immunomodulation resulting from aging, infection or autoimmunity can qualitatively alter 

the T cell response to commensal epitopes by skewing cytokine profiles and/or impacting 

peripheral maintenance and attrition (Figure 2B). Thus, immunomonitoring technology 

aimed at quantifying the T cell response to commensal epitopes has direct relevance for 

diagnostic applications. In addition, antigen discovery efforts have the potential to enable 

novel therapeutic approaches based on vaccination strategies mobilizing or repurposing 

commensal-specific T cells to induce bystander tolerance in autoimmunity or unleash anti-

tumor immunity. Similarly, cell-based therapies that employ emerging chimeric antigen 

receptor T cell (CAR-T) technologies may be adapted to selectively target pathogenic TCRs 

in the context of clonal resection therapy. Fundamental breakthroughs await decryption of 

the antigen-specific adaptive immune responses that underlie the host-microbiome 

relationship.

4. Microbiome-encoded molecular patterns condition host immunity

Antigens drive the T cell response, but cytokine context shapes the functional outcome of 

immunity to microbiome-derived antigens. Evidence suggests that microbe-associated 

accessory signals, transduced by the innate immune system, shape the intestinal cytokine 

milieu to polarize T cells to differentiate into Treg, Th17, or other customized phenotypes 

that allow adaptation to the environmental context (Honda and Littman, 2016). In addition to 

the antigen, the contribution of microbe-specific signals to T cell polarization has been 

elegantly illustrated in mouse models. SFB antigen, which typically induces Th17 cells, 

instead induced Th1 when heterologously expressed in Listeria monocytogenes (Yang et al., 

2014), highlighting the fact that microbes produce diverse macromolecules that influence 

levels of cytokines such as TGF-β, TNF-ɑ or IL-6. For instance, 17 Clostridia strains have 

been identified that induce Treg expansion by stimulating epithelial cells to release TGF-β, 

which is considered necessary for Treg differentiation (Atarashi et al., 2013). Systematic 

study across an array of typical gut commensals has shown that immunomodulatory function 

is not phylogenetically conserved; rather, closely related species or strains display variable 

immune cell-polarizing potential. Additional research will be required to map the molecular 

sources of instructive signals that shape the immune cytokine milieu in mucosal tissues.

Although incompletely understood, the crucial question regarding how microbial signaling 

skews immune cell populations and impacts health/disease has been addressed by several 

landmark studies. IBD patients, primarily those with active disease, have increased numbers 

of inflammatory IL-17+ immune cells infiltrating the mucosa, higher serum levels of IL-17, 

and diminished populations of anti-inflammatory Tregs compared to healthy subjects 

(Fujino et al., 2003). These studies have utilized germ-free mouse models to identify 
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changes in circulating or gut immune cell populations upon inoculation with bacterial 

species in the absence of confounding effects of the endogenous microbiome (Sefik et al., 

2015). Specific strains or communities of commensal bacteria have been isolated and shown 

in gnotobiotic settings to modulate development and/or function of diverse immune cell 

types. These include mouse SFB and 20 human strains that promote Th17 cells (Atarashi et 

al., 2015; Ivanov et al., 2009), 46 mouse and 17 human Treg-promoting Clostridia (Atarashi 
et al., 2011, 2015), human Th1-promoting Klebsiella strains (Atarashi et al., 2017) and 11 

human strains that promote IFNγ CD8+ cells (Tanoue et al., 2019). Similarly, gut 

microbiome transplantation from IBD individuals into germ-free mice induces colitis, 

promotes expansion of Th2 and Th17 populations, and leads to a concurrent decrease in 

Tregs (Britton et al., 2019). In contrast, transplantation of a “healthy” microbiome into 

germ-free mice creates a permissive environment for development of Tregs that produce 

anti-inflammatory IL-10, which in turn suppresses Th17 activity by inhibiting NF-κB 

signaling (Britton et al., 2019; Sefik et al., 2015).

The effects of genetic context on the gut microbiome and microbial signaling, as well as on 

immune function and disease susceptibility, can be evaluated in germ-free mice harboring 

IBD-associated genetic variants. One such variant, Atg16L1 T300A, which impairs 

xenophagy and Paneth cell function, induced a gut microbiome re-configuration in 

conventionally housed mice that was characterized by expansion of Bacteroidetes under 

normal and colitis conditions (Lavoie et al., 2019). Introduction of stool from patients with 

active CD, but not UC, into Atg16L1 T300A germ-free animals had a similar effect, 

inducing expansion of Th17, Th1 and Tregs in the colonic and ileal lamina propria relative 

to wild-type recipients (Lavoie et al., 2019). This work highlights the notion that 

immunomodulatory signals are intrinsic to the microbiome, but require a specific host 

genetic context and microbiome configuration to manifest. Single species or combinatorial 

inoculations into germ-free mice will remain an attractive way to attribute 

immunomodulatory function to microbes. In practice, immune screening efforts will be 

aided by increased strain biobanking and detailed molecular characterization of key strains 

in the context of healthy and diseased tissues. Hypothesis-driven mechanistic experiments 

can help to uncover and validate the molecular or antigenic signals that directly modulate 

immune function.

Early successes in identifying microbiome-derived effector molecules and host target 

receptors resulted from studying pathogens and their microbe-associated molecular patterns 

(MAMPS) that engage pattern recognition receptors (PRRs) of the innate immune system. 

For instance, IBD-associated Ruminococcus gnavus produces glucorhamnan polysaccharide 

that potently activates dendritic cells to secrete TNF-ɑ in a TLR4-dependent manner (Henke 

et al., 2019). Beyond MAMPS, the microbiome interacts with the host through metabolites 

generated by a combination of de-novo synthesis and secondary transformation of dietary 

and non-dietary precursors. Integrated metabolite and metagenomic profiles revealed 

metabolite classifiers that differentiated IBD cases from healthy controls (Franzosa et al., 

2019). CD patients exhibited robust differences in global stool metabolite compositions 

compared to healthy controls, while UC patients straddled across both healthy and CD 

metabolite signatures. Specific metabolites were enriched in CD patients and correlated with 

markers of inflammation such as fecal calprotectin. These include sphingolipids, 
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carboximidic acid and bile acid derivatives (Franzosa et al., 2019). The importance of 

sphingolipids in modulating immune responses is highlighted by the finding that 

colonization of germ-free mice with Bacteroides thetaiotaomicron maintained intestinal 

homeostasis while a mutant strain of B. thetaiotaomicron deficient in sphingolipid synthesis 

induced intestinal inflammation associated with elevated IL-6 and monocyte chemoattractant 

protein-1 (Brown et al., 2019). These findings attribute an anti-inflammatory role to 

sphingolipids that are differentially abundant in IBD compared to healthy controls, thus 

providing functional context to a clinical observation.

Our understanding of IBD dysbiosis stems largely from cross-sectional studies in treatment 

naive CD or UC patients (Gevers et al., 2014; Schirmer et al., 2018), as well as longitudinal 

studies in broader IBD populations that focus largely on stool and biopsy microbiomes and 

metabolomes (Lloyd-Price et al., 2019). These efforts show that IBD is characterized by an 

increased abundance of facultative anaerobes, many of which are autochthonous to the oral 

cavity and display pro-inflammatory characteristics. In the context of the microbiome, these 

anaerobes are associated with a decrease of bacterial metabolites, including short-chain fatty 

acids (SCFAs) or secondary bile acids. Substantial efforts will be required to advance the 

field from species-level disease associations and correlations with metabolite levels to causal 

mechanisms linking the microbiome to host physiology. This challenge is confounded by 

secondary effects of generic inflammation, exposure to medications and dietary variables. 

Establishing mechanistic connections between molecular effectors and microbial species 

will be necessary to identify metabolite producers and prioritize them as key mediators of 

host physiology.

5. Pharmacology of microbiome-derived metabolites and host targets.

Translating microbiome-derived bioactives into novel therapeutics may benefit from viewing 

the challenge through the lens of pharmacology. For example, the principles of ADME 

(absorption, distribution, metabolism, excretion) highlight the fact that stool metabolites 

may or may not be the same chemical entities that directly engage host receptors/targets 

(Figure 3). This is exemplified in recent studies wherein mice were inoculated with C13-

labelled, non-replicating E. coli to track ADME of microbe-derived metabolites in the host. 

Accordingly, profiling by mass spectrometry identified hundreds of metabolites across 23 

host tissues (Uchimura et al., 2018). Using a gnotobiotic mouse model, researchers 

identified a biosynthetic pathway in Clostridium sporogenes that produces amino acid 

metabolites that modulate host physiology by regulating intestinal permeability (Dodd et al., 

2017). This important observation establishes that microbe-derived metabolites directly 

modulate host physiology in vivo. Additional studies have implicated aromatic amino acids 

and their metabolites in engaging key cytoprotective host pathways, including AhR and 

Keap1/Nrf2, in IBD (Wlodarska et al., 2017). The discovery of organisms capable of 

producing similar compounds reinforces the potential for aromatic amino acid derivatives to 

promote intestinal barrier integrity and mitigate inflammation.

The diversity of microbiome-derived biosynthetic gene clusters and their metabolite 

products highlights the need to expand our view of microbe-host interactions to account for 

the integrated circuitry within and between host cells that coordinates adaptive responses to 
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environmental cues in the microbiome. Specifically, pleiotropy can arise from the action of a 

discrete metabolite on a singular host target or paralogues that are expressed in different cell 

types and that induce distinct cell type-specific functions (Figure 4). Serotonin is a 

tryptophan metabolite that exhibits pleiotropy by binding to many closely related paralogs 

(serotonin signals through 14 closely related 5-hydroxytryptamine receptors (5-HTRs)) 

(Figure 4A). Engagement of 5-HTRs in enteric neurons induces smooth muscle contraction 

and gut motility (Mawe and Hoffman, 2013), promotes mucous secretion in goblet cells 

(Yang et al., 2013), potentiates IL-10 and inhibits IL-12/23 in myeloid cells (de las Casas-

Engel et al., 2013), and induces degranulation and histamine release in mast cells (Wang et 

al., 2013). Thus, serotonin derived from host enterochromaffin cells or from microbiome 

metabolism exemplifies paralogous signaling wherein similar signaling pathways engaged in 

specialized cell types result in diverse biological outcomes.

Similarly, pleiotropy can result from polypharmacology in which a singular metabolite 

engages different targets with distinct biological outcomes (Figure 4B). Bile acids function 

as agonists for the G-protein coupled receptor (GPCR) GPBAR1 and the nuclear hormone 

receptor FxR, resulting in pleiotropic effects on digestion, metabolism, and inflammation 

(Malhi and Camilleri, 2017). Recent studies identified central roles for the microbiome in 

host-derived bile acid metabolism and host physiology (Devlin and Fischbach, 2015; Yao et 

al., 2018). In another example, microbiome fermentation of dietary fiber produces butyrate, 

which engages multiple host targets including HDAC, GPR109a, GPR43 and GPR41 

(McKenzie et al., 2017). Butyrate promotes Treg expansion by inhibiting HDAC, 

suppressing Th17 responses, promoting IL-6 production in macrophages, and suppressing 

stem cell proliferation (Kaiko et al., 2016). Thus, the physiological host response is the 

result of integrative polypharmacology. In this context, ligand dose may preferentially 

engage pathways such that a low dose induces the more sensitive target pathway but a high 

dose allows the less sensitive target pathway to dominate. For example, kynurenic acid 

engages the AhR pathway more potently (EC50 ~100nM) (Seok et al., 2018) than it does the 

GPR35 pathway (EC50 ~50uM) (Wang et al., 2006), suggesting that variations in intestinal 

concentrations of kynurenic acid may differentially engage host target pathways and elicit 

distinct responses.

While individual metabolites may have pleiotropic effects, multiple microbial metabolites 

have synergistic and/or antagonistic effects on host pathways (Figure 4C and D). In this 

context, differential GPCR engagement can result in synergy or antagonism. Microbiome-

derived tryptamine engages 5-HT4R to induce fluid secretion and promote intestinal motility 

(Bhattarai et al., 2018). Agonist-induced signaling through 5-HT4R is transmitted through 

activation of Gɑ-s proteins, which induce the second messenger cAMP. Thus, tryptamine 

and serotonin can synergistically induce cAMP production downstream of 5-HT4R. 

Conversely, the cAMP response can be antagonized by GPCRs that signal through Gɑ-i 

proteins, such as the butyrate receptor GPR43 (Figure 4C). More broadly, several host 

receptor systems in addition to GPCRs engage in antagonistic and synergistic signaling. The 

bile acid receptor and nuclear hormone receptor FxR forms permissive heterodimers with 

RxR retinoic acid receptors (Figure 4D). Consequently, both bile acids and retinoic acid 

derivatives coordinate synergistic induction of FxR/RxR-mediated transcriptional programs 

that control cellular metabolism and bile acid synthesis (Evans and Mangelsdorf, 2014).
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As our understanding of microbial metabolite pharmacology evolves, it remains a challenge 

to systematically define and functionally characterize the microbiome metabolome. 

Carefully curated hypothesis-driven approaches have generated promising leads to 

manipulate inflammation (reviewed in detail in Milshteyn et al., 2018), however a few 

important points warrant consideration for future efforts. To date, candidate bioactives have 

been identified from (i) metabolomics in the context of disease (Franzosa et al., 2019; 

Hoyles et al., 2018), (ii) metagenomics and computational prediction of bioactive 

biosynthetic gene clusters, (iii) synthetic biology approaches that permute bacterial genetic 

circuits (Woodruff et al., 2017), and (iv) monoculture and biochemical fractionation of 

disease-associated isolates (Cohen et al., 2017). Such approaches, which aim to curate and 

assemble libraries of candidate bioactive molecules, serve as valuable resources for host 

phenotypic screens and target-focused screens. For example, fractionation and activity-

guided screening approaches have identified novel mechanisms of metabolite-directed 

lymphocyte homing (Lu et al., 2019). Additionally, target-focused screening has benefited 

from technology development enabling multiplexed screening of GPCRs in high throughput 

(Jones et al., 2019). Recent studies have leveraged functional and phenotypic screening to 

uncover novel mechanisms underlying the host-microbiome relationship, and these have 

been covered in greater detail in excellent reviews (Milshteyn et al., 2018; Skelly et al., 

2019). Collectively, these screening efforts show great potential towards establishing 

mechanistic connections between the microbiome and host that impact mucosal homeostasis 

and IBD.

6. Microbiome-inspired therapeutics

Efforts to leverage the microbiome to advance therapeutic ends have taken several forms. 

Given the scope of chemical diversity encoded within and produced by the microbiome, 

interest is growing in mining the microbiome for bioactive compounds to derive drugs from 

bugs. Alternatively, live microorganisms have been used as therapeutic agents or as vectors 

for delivery of therapeutic agents in a strategy for deploying bugs as drugs. Finally, 

approaches for altering microbiome function or composition have led to the exploration of 

drugs for bugs. These approaches may involve decolonization to reduce harmful species or 

ecological engineering to restore homeostasis to the microbiome community through dietary 

intervention or manipulation of quorum-sensing pathways. Below, we highlight key 

examples of microbiome-inspired therapeutics and discuss potential applications of these 

approaches.

Drugs from bugs

Are bioactive microbiome metabolites good therapeutic leads? Clinically useful antibiotics, 

including vancomycin, streptothricin, streptomycin or tetracycline, have been discovered 

from soil microorganisms living in complex communities, primarily Actinobacteria 
(actinomycetes). Because commensals coevolved with their host, this mutualistic 

relationship may be particularly permissive for evolution of bioactives that modulate host 

physiology. For example, digestion of dietary fibers results in the production of SCFAs that 

nourish colonocytes and exhibit broad immunomodulatory function, such as butyrate-

mediated Treg expansion. Levels of butyrate its microbial producers are lower in patients 
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with IBD flares compared to controls, a finding that inspired numerous translational studies 

(Machiels et al., 2014; Sokol et al., 2009). Moreover, interventional studies in humans have 

shown that butyrate administration may be effective, however the sample size of these trials 

precludes conclusive statements. Although butyrate is beneficial with respect to host 

physiology, caveats to therapeutic translation include delivery challenges due to potency in 

the mM range, uncertainty of host target due to pleiotropic effects, and sub-optimal 

pharmacokinetic properties (Daniel et al., 1989). Engineering of commensals to produce 

therapeutic molecules offers an alternative pathology management strategy for IBD patients. 

For instance, Lactobacillus strains that deliver IL-10 or anti-TNF antibodies showed promise 

in controlling inflammation in mouse colitis models (Steidler et al., 2000; Vandenbroucke et 

al., 2010). Such approaches present dosing challenges and require special attention to 

ADME, as payload delivery to the gut lumen may or may not reach the site of inflammation 

or therapeutic target.

Although microbiome metabolites may lack ideal pharmacologic properties (potency, 

selectivity, metabolic stability), they represent powerful tools as bioactive probes to identify 

host targets that can be exploited for drug development. CRISPR technology has been 

adapted to link bioactive molecules with often elusive host targets through combinatorial use 

of gene expression knockdown and transcriptional activation (CRISPRi/CRISPRa) that 

allows filtering and prioritization of genetic signals responsible for small molecule 

bioactivity (Jost et al., 2017). Similar approaches can be applied to target identification for 

bioactive microbial metabolites. Host target identification enables traditional drug discovery 

campaigns to identify compounds that can be optimized by medicinal chemistry to improve 

potency, selectivity, and impart more favorable pharmacokinetic properties (Figure 5).

Bugs as drugs

Even with an incomplete mechanistic understanding of how the microbiome impacts health 

and disease, progress has been made in therapeutic intervention by fecal microbial 

transplantation (FMT). Perhaps the most significant clinical benefit has been observed in the 

treatment of Clostridium difficile infection. Studies modeling time-course data after C. 
difficile infection and antibiotic treatment identified microbiome species that correlated 

negatively with occurrence of the disease agent (Buffie et al., 2015). This approach revealed 

that Clostridium scindens chemically modifies primary bile acids to inhibit C. difficile 
germination (Buffie et al., 2015), paving the way for design of a simplified therapy using a 

single metabolite or species, or a consortium of secondary bile acid metabolizers. In 

contrast, randomized FMT clinical trials showed modest effects on inducing remission in 

UC (Paramsothy et al., 2017). Evidence suggests that donor-specific effects strongly 

influence likelihood of remission in recipients (Moayyedi et al., 2015), and studies of 

transmission suggest that strain tracking could be employed to monitor engraftment and 

assess responses over time (Smillie et al., 2018). In addition to low efficacy and uncertainty 

regarding long-term durability and safety of FMT in IBD, additional challenges include a 

lack of procedural standardization, risk of transferring pathogenic agents, and induction of 

unwanted phenotypes, such as flares in UC patients.
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Probiotics or designed microbial consortia offer potential alternatives for optimizing and 

standardizing treatments (Stein et al., 2018), but to date, these interventions have limited 

efficacy. Suboptimal probiotic engraftment was observed in a study that sampled the human 

mucosal and lumenal microbiome along the length of the gastrointestinal tract, suggesting 

that therapeutic efficacy may require promotion of colonization niches (Zmora et al., 2018). 

Accordingly, in specific-pathogen-free mice inoculated with a cocktail of 11 commensal 

strains that induce CD8+ IFNγ+ T cells, engraftment was only possible after antibiotic 

treatment (Tanoue et al., 2019). Similarly in UC patients with mild to moderate active 

disease, administering a capsule of proprietary spores in combination with vancomycin pre-

treatment showed transient clinical and endoscopic features of remission when compared to 

patients receiving no pre-treatment (Misra et al., 2018). Since vancomycin itself positively 

affects remission in UC patients (de Chambrun et al. 2018), it is difficult to disentangle the 

role of antibiotics in opening new niches compared to removal of pathogenic or antigenic 

species. Future studies will be necessary to optimize the technical aspects of composition, 

delivery, and engraftment of the transplanted microbial organisms.

Drugs for bugs

The decreased microbial density in stool from IBD patients primarily affects total numbers 

of Firmicutes, Bacteroidetes and Actinobacteria, while Proteobacteria, which includes 

species of Enterobacteriaceae that are well adapted to thrive in an oxidizing environment, 

maintain a stable absolute population (Contijoch et al., 2019; Vandeputte et al., 2017). The 

elevated oxidative environment in the gut can result from dysbiosis caused by antibiotic 

treatment, increased oxygen tension due to intestinal bleeding, or the presence of anaerobic 

electron acceptors (e.g. nitrate / NO3-), some of which could be by-products of anti-

microbicidal immune functions that generate ROI and nitric oxide (Reese et al., 2018; 

Winter et al., 2013). For instance, Escherichia coli and Salmonella typhimurium can respire 

on nitrate and tetrathionate (S4O6
2−)) respectively, and bloom in the presence of colitis-

associated inflammation (Thiennimitr et al., 2011; Winter et al., 2013). This could 

potentially explain why the absolute abundance of Proteobacteria does not decrease in IBD 

patients (Contijoch et al., 2019). Overgrowth of facultative anaerobes from family 

Enterobacteriaceae can be controlled under anaerobic conditions by impairing their 

respiration on ROI by-products and inhibiting nitrate reductase using tungstate (Zhu et al., 

2018). Similarly, nutrient inhibition targeting epithelia-derived ethanolamine, which 

increases during inflammation and promotes growth of S. typhimurium, may represent a 

viable strategy to control microbial outgrowth in the gut (Thiennimitr et al., 2011). The 

multi-gene ethanolamine utilization locus is detected across multiple intestinal Firmicutes 
and Proteobacteria, suggesting that ethanolamine is an important nutrient source for certain 

species (Kaval and Garsin, 2018).

Decolonization

Emerging strategies in microbiome therapeutics have begun to explore selective removal of 

specific microbes. Phage therapy holds particular promise, as it allows for precise targeting 

of conserved, species-specific membrane proteins for phage docking and delivery of cargo 

that eliminates the target organism, modifies its genome or regulates its function 

(Ramachandran and Bikard, 2019). The latter is possible by employing CRISPR-based 
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nuclease activity to introduce double stranded breaks in a genome using a library of specific 

guide RNAs (Gomaa et al., 2014). In this context, adherent-invasive E. coli (AIEC) have 

been associated with IBD and may represent a viable target for such approaches. The FimH 
gene product promotes AIEC binding to the small bowel epithelium via the host CEACAM6 

receptor, rendering AIEC resistant to clearance by the immune system (Barnich et al., 2007). 

Thus, it may be feasible to develop phages that exploit FimH binding for docking and 

delivery of CRISPR cargo that specifically targets the AIEC genome. Studies of inter-

individual strain diversity suggest that microbiome strains carry genes that are unique to a 

given individual, a trait that could be exploited to design personalized, strain-specific 

CRISPR targets with minimal risk for unintended species depletion due to off-target effects.

Ecological engineering

The most basic and clinically feasible approach to altering the microbiome is through 

changes to human diet that modulate the nutrient pool available to gut microbes. For IBD 

maintenance, a treatment termed the ‘elemental diet’ has shown efficacy on par with 

corticosteroid therapy. The elemental diet, which is comprised of amino acids, essential fatty 

acids, monosaccharides, vitamins and minerals, was shown to be particularly effective in 

pediatric IBD where 80% of patients experienced disease remission (Penagini et al., 2016). 

The ability to extend treatment to adults and achieve a similar effect, particularly in the 

United States, has been hampered by palatability and compliance. Although it is unclear 

how the elemental diet impacts IBD, various studies have pointed towards augmenting 

mucosal barrier function by excluding substances present in typical diets (e.g. emulsifiers, 

carrageenan or carboxymethylcellulose) that irritate the epithelium or by excluding typical 

dietary antigens. It is well known that CD patients develop food-specific IgGs, for example 

those that are directed against milk proteins (Lerner et al., 1989). However, it remains 

unclear if immune responses directed against dietary antigens contribute to the pathogenesis 

of IBD or are predominantly a downstream consequence of pathological inflammation. An 

additional aspect to consider is that diet can act indirectly, by modulating the expression of 

microbe-encoded antigens (Wegorzewska et al., 2019). While the underlying mechanisms 

responsible for dietary impacts on the microbiome remain incompletely understood, several 

studies have begun to define the effects of diet on the microbiome, host physiology, and 

immune function. These include reports on broad dietary regimes (e.g. whole-grain, gluten-

free diets) and targeted prebiotic supplementations in a controlled background diet (Gurry et 

al., 2018; Hansen et al., 2018; Roager et al., 2019). By anchoring dietary interventions on 

the background of the elemental diet, it is possible to define how introduction of 

macronutrients found in a typical western diet impacts intestinal homeostasis and immune 

function. Finally, identifying dietary IBD effectors could inspire personalized dietary 

interventions, as has been proposed for control of glycemic response (Mendes-Soares et al., 

2019; Zeevi et al., 2015).

Re-establishing a healthy gut microbiome may require limiting the colonization of certain 

species while promoting others. In this context, promoting engraftment of desirable species 

has become feasible with the identification of nutrients that act as prebiotics that selectively 

create a niche for particular species. The recently described Bacteroides ovatus and 

Bacteroides plebeius strains harbor a rare gene cluster that metabolizes porphyran from a 
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marine algae, which allows these species to thrive and engraft in an otherwise colonization-

resistant endogenous microbiome (Kearney et al., 2018; Shepherd et al., 2018). Similarly, 

community-level metabolic activity within the microbiome can modulate nutrient pools to 

impact growth and engraftment of gut microbes. For example, C. diff colonization restriction 

by antagonistic commensal species illustrates the capability of microbiome-derived 

metabolic activity to affect growth and engraftment. Such species-species interactions can be 

deconvoluted in reductionist co-cultivation experiments, as shown for B. plebeius and 

Akkermansia muciniphila, which exhibit differential growth kinetics when co-cultivated on 

host mucins versus other carbon sources (Kearney et al., 2018). In the context of IBD, 

however, entire networks of typically correlated species are perturbed, and such widespread 

ecological disruptions are difficult to reset even with generalized introduction of an entire 

community by FMT (Yilmaz et al., 2019). Defining critical ecological relationships between 

gut microbiome constituents will require experimental and computational innovations. 

Metatranscriptomic analyses of gene expression networks within microbial communities 

have defined codependent transcriptional programs engaged by microbes in two-species 

systems (Mahowald et al., 2009) and in the context of higher-order gut microbiome 

interactions (Plichta et al., 2016). Functional interpretation of these transcriptional networks 

has inspired approaches for modelling the metabolic output of gut microbes to reveal which 

metabolites are released to the common microbial nutrient pool versus those utilized by 

single microbes (Zelezniak et al., 2015). Such systems biology approaches, when extended 

towards epithelial and immune gene expression and secreted metabolites, could reveal 

necessary cues for reengineering a stable microbiome ecology. To reduce the inevitable 

complexity of such a holistic model, experimental systems have been developed that 

incorporate more controlled organoid based systems with microbiome, mucosa, epithelium 

and immune cell compartments (Kim et al., 2016). These model systems can be leveraged to 

reveal the signaling cues necessary for stable coexistence of varying microbiome 

configurations, dietary variables, and immune mediators.

More refined therapies have been conceived to focus on identifying molecules that can 

redirect the behavior of a community, and in turn, promote a desired phenotype. Quorum 

sensing is a mechanism by which bacteria react to external stimuli, for example changes in 

population density or other microbes, and reactively coordinate gene expression or 

metabolic programs regulating growth, metabolism or inflammation. These mechanisms are 

implicated in bacterial biofilm formation and regulation of virulence factor expression 

(Rutherford and Bassler, 2012). Several groups of quorum sensing molecules have been 

identified, including N-acyl homoserine lactone (AHL) molecules (autoinducer-1, AI-1), 

modified oligopeptides (autoinducer peptides, AIP) and boron-furan derived signal 

molecules (autoinducer-2, AI-2) produced and detected by both Gram-negative and Gram-

positive bacteria (Rutherford and Bassler, 2012). In fact, the host may also contribute to 

generating auto-inducers (Ismail et al., 2016). The observation that molecules produced by 

bacteria can direct the metabolic programs of the community highlights the need to decode 

the operations of complex quorum-sensing pathways and their downstream targets to 

purposefully direct community function.
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Perspectives

Host genetic variables create a favorable background for manifesting IBD and its associated 

pathologies in the context of a dysbiotic microbiome, whose activity and metabolic outputs 

adversely impact host physiology and immune function. Substantial progress has been made 

towards understanding these components in isolation, and the field is starting to unravel their 

mechanistic interconnections to guide therapeutic strategies aimed at altering the course of 

IBD. Still, many outstanding questions remain. How and to what extent do multiple, genetic 

susceptibilities across distinct molecular pathways induce pathological shifts in microbiome 

composition? Does an unstable microbiome dysregulate host physiology in a progressive 

manner to eventually surpass a certain threshold that induces pathological inflammation? 

What are the dietary factors and microbiome metabolites that associate with health or 

disease, and on what molecular receptors and pathways do they act? These are non-trivial 

questions that are fundamentally important given the challenges associated with inducing 

long-term sustained remission in IBD patients. Pursuing solutions to these questions should 

help decode host-microbiome interactions and guide the development of combinatorial 

treatments that simultaneously restore health and homeostasis to the intestinal barrier, 

immune system and microbiome.

Systems biology approaches can functionally connect biological components of IBD to 

improve our understanding of disease and patient care. A molecular basis for individualized 

therapy holds promise for a new wave of context- and microbiome-specific therapies, though 

difficulty in identifying triggers of IBD flares will remain a hurdle for the field of 

microbiome therapeutics. Furthermore, deciphering disease mechanisms from human 

cohorts is complicated by variables related to genetics, microbiome, treatment history, and 

diet. Longitudinal sampling of human cohorts has created opportunities to interrogate real-

time microbiome patterns in a multi-dimensional matrix. Several studies have utilized 

machine learning algorithms to decode associations between microbiome structure, dietary 

patterns and clinical metadata to successfully predict glucose response (Mendes-Soares et 

al., 2019; Zeevi et al., 2015). We anticipate burgeoning opportunities to synthesize patterns 

of disease variables and risk factors within an individual or groups of individuals over time, 

akin to machine learning to understand consumer preference selection among various 

commercial products available today. Further alluring is the possibility of utilizing 

algorithms to help detect patterns in clinical metrics that emerge during observation and can 

be interpreted to subsequently elicit interventions that promote a health outcome. Treatment-

naive IBD patients in clinical trials may be subjected to serial microbiome profiling, 

functional immunomonitoring, and pathway-focused genotype profiling. Individualized 

patient data may be subsequently used to predict the likelihood of attaining sustained 

remission with a given therapy, or for guiding when and how to adjust therapeutic strategies. 

This may also help collate patterns of disease among IBD patients who are otherwise 

currently defined by other parameters such as disease location rather than genetic/

microbiome-based stratifications. Current limitations to the application of artificial 

intelligence include sparsity of longitudinal data, variations in the data generation methods 

and ultimate biological interpretability of predictions. Utilizing functional measures of 

microbiome output through better mucosal immune system read-outs, as well as molecular 
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subtyping of disease may offer more biologically actionable and interpretable predictions 

with direct benefit to patients.

Glossary

Anergy
Functional inactivation of self-antigen reactive T cells

Clonal deletion
apoptotic removal of T cells specific for self-antigens prior to their development into fully 

mature lymphocytes

Bystander suppression
suppression of T cell response to an unrelated antigen

Exhaustion
a state characterized by loss of T cell effector function due to chronic antigen exposure, as in 

chronic infections or cancer

Trogocytosis
Transfer of plasma membrane fragments from antigen presenting cells to lymphocytes
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Figure 1. Genetic interactions between host and microbiome.
Associations between host genetics and microbiome features can be identified by integrating 

GWAS SNPs into polygenic risk scores for pathways relevant to IBD pathology and 

microbiome features into coherent functional pathways. The objective of this strategy is to 

identify statistical associations between host and microbiome pathways that reveal causal 

mechanisms by which the host and microbiome interact to impact IBD.
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Figure 2. The dynamics of host adaptive T cell responses to commensal antigens.
The host T cell response to commensals is constant but dynamic over time such that it 

changes qualitatively and quantitatively according to the health status of the host. Thus, the 

T cell response to commensals represents a potentially powerful surrogate measure of 

immune health. (A) T cell activation is facilitated through TCR binding to a peptide-MHC 

class II (pMHCII) complex on antigen presenting cells (e.g. dendritic cells (DC)). 

Commensal epitopes can elicit very different outcomes in T cells depending on the context 

and affinity of pMHCII for TCRs. High affinity cognate interactions between pMHCII and 

TCR can drive T cell activation, differentiation, deletion, or exhaustion. Low affinity non-

cognate interactions between pMHCII and TCR can elicit low grade signaling to promote T 

cell survival or fine tune TCR activation thresholds. (B) The total T cell pool is large and 

functionally heterogeneous, which poses challenges in monitoring changes in immune health 

during disease. Functionally characterizing the relationship of T cells with the microbiome 

can reveal the health status of an individual. For example, Tregs (blue) decrease and 

inflammatory Th1/Th17 cells (red) increase in autoimmunity, while Th2 cells (green) 

predominate over Th1 in response to allergens. Increased Tregs and hyporeactive exhausted 

T cells (Tex, gray) are associated with cancer. Immunosuppression can be characterized by 

decreased T helper (Th) cells and cytotoxic T lymphocytes (CTL) (orange). While these 

disease-associated perturbations in immune function can be difficult to measure at the level 

of the total T cell pool, they can become more clear and quantitative when focusing on a 

subset of microbiome-specific T cells.
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Figure 3. Local and systemic ADME dictate biological effects of microbial metabolites.
The pharmacokinetic principles of ADME (absorption, distribution, metabolism and 

excretion) determine the fate of dietary and microbiome-produced metabolites in the 

intestine and dictate their potential biological effects on the host. Absorption of microbial 

metabolites across the intestinal epithelium can occur by passive (transcellular transport, 

paracellular transport or diffusion) or active mechanisms (via transporters). Molecules can 

also be actively transported by transcytosis facilitated by M cells. Absorbed molecules are 

distributed locally throughout the intestinal mucosa via extracellular matrix (ECM) conduits 

and systemically by the circulatory and lymphatic systems. Molecules may undergo 

chemical transformation by means of metabolism in the lumen, within the mucosa, or in the 

liver. Excretion can occur through the gastrointestinal tract by peristalsis and mucus 

shedding, while systemic excretion is generally mediated by biliary or urinary excretion. 

Taken together, microbiome-derived molecules are subject to multiple biological processes 

that modulate or limit their ability to engage host target pathways.
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Figure 4. Pharmacology of microbial metabolites and host targets.
Metabolites engage host pathways and elicit diverse signaling outputs. (A) Pleiotropy by 

paralogs: serotonin (5-HT) has pleiotropic effects on the host due to the fact that there are 14 

different 5-HT receptors, each associated with distinct downstream effects in different cell 

types. (B) Pleiotropy by polypharmacology: kynurenic acid exerts pleiotropic effects on the 

host by engaging distinct host target proteins with varying affinities. Specifically, kynurenic 

acid engages aryl hydrocarbon receptor (AhR) and GPR35, thus engaging unique signaling 

pathways that coordinately regulate immune function (CREB, cAMP response element-

binding protein). (C) Antagonism: butyrate can act through GPR43 to antagonize mucus 

secretion induced by tryptamine signaling through 5-HT4 receptors (AC, adenylate cyclase). 

(D) Synergistic signaling: heterodimer FxR/RxR transcriptional activity is augmented by 

concurrent binding to bile acid and retinoic acid derivatives (left panel). Secretion of GLP-1 

is dramatically enhanced by concurrent engagement of GPR40 and TGR5 by long-chain 

fatty acids and bile acids, respectively (right panel) (PLC, phospholipase C; IP3, inositol 

triphosphate).
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Figure 5. Translating microbiome bioactives into therapeutic agents.
Natural product molecular libraries can be designed and assembled based on microbiome 

metabolomics datasets. Alternatively, compounds can be directly produced by synthetic 

biology approaches and/or fractionated from microbial cultures. With microbiome-derived 

molecular libraries, compounds and molecules can be screened and prioritized based on their 

bioactivity in phenotypic screening assays that model biological processes and pathways 

associated with IBD pathology. In turn, chemical-genetic screens can facilitate identification 

of host target proteins through which microbiome bioactives exert their function. For 

example, a given microbiome bioactive is predicted to lose its biological effect in host cells 

that lack their specific target protein due to genetic knock-out or knock-down (CRISPR KO 

or CRISPRi). Conversely, a given microbiome bioactive is predicted to exhibit increased 

biological activity in host cells that overexpress their specific target protein (CRISPRa). 

Subsequently, pharmaceutical libraries with drug-like properties can be screened for activity 
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against validated host targets. Finally, lead candidate small molecules can be further 

engineered by medicinal chemistry to optimize potency, selectivity, and pharmacokinetic 

properties.

Plichta et al. Page 30

Cell. Author manuscript; available in PMC 2020 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Plichta et al. Page 31

Table 1:

Advancing therapy in IBD

Factors influencing IBD 
therapy

Clinical observations Opportunities for discovery and translation

Variable onset of disease Interval between untreated disease/
symptoms and treatment associated 
with treatment failure

Triggers for disease-onset at different ages, recurrence.
Early stratification of therapy based on baseline clinical and 
molecular profiling for individualized therapy

Genetic heterogeneity
GWAS-identified loci, resequencing 
efforts

Elucidating gene-variant function relationships; genetic risk score 
development

Disease progression Different trajectories of disease Factors determining complications, including recurrence, fibrosis, 
fistula, stricture and surgery

Infectious modifiers CMV, C.difficile Shared pathways in response to infection/inflammation and off-
target

Dietary modifiers Exclusive enteral nutrition Pre-, pro- and syn-biotic interventions, mechanism of disease 
modification, interaction with non-dietary therapy

Drug delivery Entyvio integrin therapy vs. TNF Nanotechnology, gut-on-a-chip

Drug turn-over Frequency of administration Methods to measure drug levels, antibodies

Side-effect / off-target effects
Immune suppression, infectious 
complications

Pathway-based discovery
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