
Pharmacomicrobiomics in inflammatory arthritis: gut 
microbiome as modulator of therapeutic response

Jose U. Scher1,✉, Renuka R. Nayak2,3, Carles Ubeda4,5, Peter J. Turnbaugh3,6, Steven B. 
Abramson1

1Department of Medicine, Division of Rheumatology, New York University Langone Health, New 
York, NY, USA.

2Rheumatology Division, Department of Medicine, University of California, San Francisco, San 
Francisco, CA, USA.

3Department of Microbiology & Immunology, University of California, San Francisco, CA, USA.

4Centro Superior de Investigacion en Salud Publica — FISABIO, Valencia, Spain.

5CIBER en Epidemiologia y Salud Publica, Madrid, Spain.

6Chan Zuckerberg Biohub, San Francisco, CA, USA.

Abstract

In the past three decades, extraordinary advances have been made in the understanding of 

the pathogenesis of, and treatment options for, inflammatory arthritides, including rheumatoid 

arthritis and spondyloarthritis. The use of methotrexate and subsequently biologic therapies 

(such as TNF inhibitors, among others) and oral small molecules have substantially improved 

clinical outcomes for many patients with inflammatory arthritis; for others, however, these agents 

do not substantially improve their symptoms. The emerging field of pharmacomicrobiomics, 

which investigates the effect of variations within the human gut microbiome on drugs, has 

already provided important insights into these therapeutics. Pharmacomicrobiomic studies have 

demonstrated that human gut microorganisms and their enzymatic products can affect the 

bioavailability, clinical efficacy and toxicity of a wide array of drugs through direct and indirect 

mechanisms. This discipline promises to facilitate the advent of microbiome-based precision 

medicine approaches in inflammatory arthritis, including strategies for predicting response to 

treatment and for modulating the microbiome to improve response to therapy or reduce drug 

toxicity.
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Inflammatory arthritides, including rheumatoid arthritis (RA), psoriatic arthritis (PsA) and 

ankylosing spondylitis (AS), are chronic, destructive, inflammatory disorders characterized 

by synovitis that can lead to accelerated morbidity, mortality and disability1-4. Over the 

past three decades, understanding of the immunological and molecular mechanisms in the 

pathogenesis of these disorders has advanced considerably, in particular with the discovery 

of TNF, IL-6 and other pro-inflammatory cytokines as important promoters of joint 

inflammation in RA, and of the role of TNF, IL-23 and IL-17 in spondyloarthritis (SpA; 

including PsA and AS) biology5. Furthermore, the use of methotrexate and, more recently, 

the advent of biologic therapies (such as those targeting TNF, IL-6 and the IL-23–IL-17 

axis), as well as novel small molecules (for example, inhibitors of Janus kinase (JAK) or 

phosphodiesterase 4), has led to substantial improvements in clinical outcomes, ameliorating 

the quality of life for millions of patients with these forms of inflammatory arthritis. 

However, up to one half of patients with moderate or severe arthritis have no or suboptimal 

improvement in their symptoms with these treatments6-13. Therefore, insights into the 

underlying mechanisms that determine the pharmacokinetics and pharmacodynamics 

of anti-rheumatic drugs are urgently needed to maximize clinical response while eliminating 

patient frustration and wasteful health-care expenditure14,15. Multiple candidate biomarkers 

have been proposed for predicting (non)response to therapy, including clinical phenotype, 

host genetics, cytokines and autoantibodies, but they have either failed to be reproducible 

across cohorts or require lengthy treatment trials, during which joint damage could accrue.

Mounting evidence suggests that non-human genetic factors, most notably those derived 

from the trillions of microorganisms that live within and on the human body (the 

microbiota), might contribute to the development of RA and SpA in genetically susceptible 

individuals16-18. Although research examining intestinal communities as determinants 

of pathogenesis in inflammatory arthritis continues, the focus of study has also been 

expanded to include the mechanisms by which the aggregate genetic content of the gut 

microbiota (that is, the gut microbiome) encodes enzymatic machinery that modulates 

the pharmacokinetics of, and response to, immunomodulatory drugs19. The study of 

drug–microbiome interactions, termed pharmacomicrobiomics20-22, builds upon extensive 

research dating back to the 1930s on how microorganisms affect drug metabolism23,24. 

Novel sequencing technology enables researchers to dissect in ever more detail the 

constituent members of the gut microbiota and their genes and to investigate the effect 

of variations within the human gut microbiome on drugs; such research has already provided 

important insights into the effects of the microbiome on treatment response in autoimmunity 

and oncology, particularly those related to clinical outcomes of checkpoint inhibitors and 

biologic therapies19,25.

In this Review, we describe evidence from studies in animal models and humans 

characterizing the dynamic interactions between the gut microbiota and xenobiotics, 

with special emphasis on pharmaceuticals relevant to rheumatology. We also discuss the 

tools available to study pharmacomicrobiomics and describe relevant translational data in 

cancer and autoimmune diseases, as well as ongoing work in RA and SpA. Last, we discuss 

strategies to incorporate pharmacomicrobiomics into the realm of precision medicine in 
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rheumatology, with an emphasis on the development of tools to predict treatment response 

and the development of microbiome-derived adjuvant therapies.

Gut microorganisms in drug metabolism

From the earliest stages of life, humans ingest a multitude of xenobiotics, including a variety 

of chemicals and medications26. Immediately after birth, humans are rapidly colonized by 

trillions of microorganisms (collectively referred to as the microbiota), many of which will 

ultimately inhabit their gastrointestinal tract27,28. The microbiota has a variety of critical 

roles in human physiology: supplementing host nutrition, aiding metabolism (for example, 

by catabolizing dietary and host-derived polysaccharides into short-chain fatty acids)29 and 

directly affecting maturation and development of the immune system and defence against 

pathogens30,31.

Intriguingly, variability between individuals in the composition and metabolic competence 

of their microbiomes has a unique role in determining the clinical efficacy of (and 

development of adverse events associated with) some medications. This variability arises 

because specific, direct modifications of the chemical structures of ingested drugs are 

dependent on the composition of gut microbial communities and their collective enzymatic 

activity, which can differentially modify the bioavailability of these medications and 

ultimately determine their biological fate and clinical effects32-34 (FIG. 1 a). Within the 

umbrella concept of precision medicine, the study of drug–microbiome interactions (that 

is, pharmacomicrobiomics) is gaining traction. A long-term goal of this research discipline 

is to manipulate complex host-associated microbial communities to improve drug efficacy, 

predict treatment outcomes and reduce the development of adverse events. This concept 

is not foreign to rheumatologists, who were arguably among the first clinicians to apply 

pharmacomicrobiomics; as we describe, classic examples include the prodrug sulfasalazine 

(which requires cleaving by the gut microbiome in order to become an active drug)35, 

as well as cyclophosphamide and methotrexate. Although fundamental insights into how 

gut microbiome-dependent biotransformations of xenobiotics affect human health are 

limited36, numerous studies have highlighted the extent to which microbial xenobiotic 

metabolism varies between individuals, the mechanisms by which these microbial activities 

influence human biology and how these reactions can be logically manipulated for 

therapeutic purposes37,38.

Notably, the collective gut microbiome-mediated modification of xenobiotics has a large 

metabolic component that is yet to be uncovered in its entirety39. The reasons for the 

vastness of this microbial enzymatic catalogue are multifactorial. The first reason relates 

to the greater abundance and diversity of bacterial cells relative to the more homogeneous 

host-intestinal cell population40. Equally important is the fact that gut bacteria are constantly 

subjected to evolutionary pressures exerted by the host and its ingested xenobiotics, which 

oblige the microorganisms to adapt to environmental fluctuations by altering their functional 

abilities and extracting vital nutrients for survival. These adaptations lead, in turn, to an 

extraordinary expansion of the number of xenobiotics that become subject to gut microbial 

metabolism21,41.
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These biotransformations occur through two main mechanisms (FIG. 1 b,c). The first 

mechanism involves the direct interference of microbial enzymes with ingested medications, 

leading to the generation of end-products (or metabolites) that vary from the original 

prodrug. Several examples of this direct interference have been described42, including the 

bacterial production of bioactive compounds (as in the hydrolysis of hydroxy-cinnamate 

esters by microbial cinnamoyl esterases)43, microbial detoxification of drugs (for example, 

selected strains of the prevalent gut Actinobacterium Eggerthella lenta inactivate the 

cardiac drug digoxin)44-47, direct interaction between microbial cells and xenobiotics 

(for example, physical attachment of Helicobacter pylori adhesins to levodopa, which 

decreases the bioavailability of the drug)48 and interruption of the enterohepatic circulation 

and enteropathy of drugs (for example, inhibitors of luminal bacterial β-glucuronidase 

halt the hydrolysis of NSAID glucuronides and alleviate NSAID gut toxicity)49. The 

second mechanism involves indirect effects of host–microorganism interactions on drugs, 

including the alteration of host gene expression in response to microbial interactions50, 

production of intermediate metabolites by gut microorganisms (for example, dietary-derived 

phosphatidylcholine conversion by the intestinal bacteria to trimethylamine)51-53 and 

competition between bacterial metabolites and drugs for binding sites in host enzymes (as 

in the case of bromovinyl uracil, a metabolite of the anti-viral drug sorivudine that inhibits 

the degradation of 5-fluorouracil, resulting in its accumulation in the blood and a marked 

increase in its toxicity)54.

Tools to study pharmacomicrobiomics

Multiple methodologies are used to generate complementary lines of evidence implicating 

the microbiome in drug pharmacology. These approaches include the use of clinical studies, 

involving well-phenotyped cohorts with extensive clinical and demographic details, along 

with in vitro and ex vivo mechanistic experiments and studies in ‘humanized’ murine 

models55 (BOX 1). This integrative approach has been critical in the identification of the 

microbial strains, microbial consortia, genes and/or metabolites necessary for drug 

biotransformation. The use of these methods was pioneered in original work exploring how 

gut microorganisms metabolize drugs such as digoxin and irinotecan44,45,56,57.

A prototypical clinical study would involve samples obtained from a human population of 

interest (that is, individuals with a specific disease or clinical phenotype) and interrogate 

the microbiome at various taxonomic and functional levels, including the relative abundance 

of bacteria (using 16S rRNA gene sequencing (16S-seq)), gene families (metagenomic 

sequencing), microbial gene expression (metatranscriptomics) and metabolites (targeted and 

untargeted metabolomics). The results would then be analysed to characterize whether 

the pretreatment features (alone or in combination) of the microbiome correspond to a 

particular clinical outcome, most commonly in the form of efficacy or toxicity. Machine 

learning methods, including random forest and related decision-tree algorithms, could 

then be applied to create a predictive tool25. These analyses not only have the ability to 

rapidly inform clinical practice but also generate hypotheses regarding the mechanisms by 

which microbial transformations of drugs change their pharmacokinetic properties or lead to 

compound inactivation or prodrug activation.
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Although patient cohort studies are critical for identifying associations between microbial 

factors and drug response, additional methods are required to provide causal evidence 

of microbially mediated drug metabolism. One such experimental approach employs 

the quantification of drug concentrations and related metabolites following the ex vivo 

incubation of the compound of interest with stool samples, microbial communities or 

specific bacterial strains under anaerobic conditions. Several platforms are commonly 

employed in drug metabolism and pharmacokinetics studies, including the many variations 

of mass spectrometry, most commonly liquid (or gas) chromatography–mass spectrometry 

and nuclear magnetic resonance spectroscopy. The application of these methods to analysing 

samples from patients enables the characterization of inter-individual variation in the rate 

of drug metabolism by gut microorganisms, comparisons between categories of clinical 

response or adverse events and hypothesis-generating research in model systems.

Whereas ex vivo profiling of human samples provides evidence for microorganism-mediated 

metabolism, in vitro studies are required to identify the bacterial genes or operons 

responsible for drug biotransformation. The recognition of which specific genes are involved 

in these biological processes requires the incubation of the drug of interest with bacterial 

strains, followed by comparative genomics and heterologous expression or deletion of key 

genes; such studies are capable of providing mechanistic insights into the role of the 

microbiome in drug metabolism58.

A complementary in vivo strategy incorporates the use of gnotobiotic animals and 

humanized mouse models59 (BOX 1) to further investigate the direct role of the microbiota 

in modulating drug pharmacokinetics. These techniques enable the study of intestinal 

microorganism–host interactions in human physiology, pathogenesis and pharmacology60, 

while avoiding the confounding effects of commonplace variations such as host genotype 

and diet. In such studies, gnotobiotic mice are typically either germ-free animals or 

those colonized with defined microbiota61, and humanization is achieved by transplanting 

whole human faecal microbial communities into germ-free mice, in order to interrogate 

biotransformations within a representative taxonomic environment. Experiments using 

germ-free animals are of course subject to a number of limitations, perhaps the most relevant 

of which is that the gut physiology of these animals is altered in comparison with wild-

type animals, which in turn decreases their potential enzymatic and metabolic capabilities. 

However, humanization experiments can certainly help to explore the physiological effects 

of bacteria on the activation, inactivation and bioavailability of drugs in wild-type animals19 

or interrogate clinical outcomes in specific disorders14,38 by the use of humanized murine 

(mouse and rat) models of autoimmune disease or inflammatory arthritis.

Drug biotransformation in mice

The pharmacomicrobiomics of several anti-rheumatic and immunosuppressive drugs have 

been studied in gnotobiotic experiments over the past few decades.

The prodrug sulfasalazine is considered the first rationally engineered medication for RA62 

and, curiously, it was developed synthetically to combine an antibiotic, sulfapyridine, with 

an anti-inflammatory 5-aminosalicylic acid (5-ASA) molecule63 through an azo double 
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bond. Sulfasalazine reaches the large intestine in its inactive form, where azoreductases 

encoded by the gut microbiome cleave the azo bond to release sulfapyridine and 5-ASA 

(FIG. 2a.). Sulfapyridine is then almost completely absorbed to promote anti-arthritic 

effects, whereas nearly all of the 5-ASA is excreted and becomes the active compound for 

the treatment of ulcerative colitis64. The role of the intestinal microbiome in sulfasalazine 

metabolism was demonstrated in classic gnotobiotic studies in the 1970s, in which 

conventionally raised rats fully converted sulfasalazine into its constituent molecules, 

whereas antibiotics-treated or germ-free animals excreted mostly the prodrug35. Importantly, 

a consortium of four gut microbiota-derived bacterial strains was sufficient to re-establish 

sulfasalazine metabolism in these animals35. These findings were later confirmed by 

experiments utilizing ex vivo incubation of sulfasalazine with human faecal samples65.

The fact that the murine gut microbiome alters methotrexate metabolism has been 

known for decades66,67; remarkably, the gut microbiome of mice can mediate the 

metabolism of methotrexate, producing glutamate and the inactive metabolite 2,4-diamino-

N10-methylpteroic acid (DAMPA) (FIG. 2b). Studies showed that, although methotrexate 

metabolites can be excreted and quantified in the faeces of conventionally reared animals, 

DAMPA is not detected in germ-free or antibiotics-treated mice, suggesting that the gut 

microbiome is necessary for this biotransformation.

The intestinal microbiome was also found to modulate the immunosuppressive effects of 

cyclophosphamide, a drug used for treating both arthritis and cancer68. Cyclophosphamide 

promotes a microbiota perturbation in the small intestine of cancer-bearing mice and induces 

the translocation of Gram-positive bacteria to secondary lymphoid organs, where they 

activate immune responses driven by pathogenic T helper 17 (TH17) cells and memory 

T helper 1 (TH1) cells68. However, under germ-free conditions (or after depletion of 

Gram-positive bacteria with antibiotics), these mice show decreased TH17 responses and 

their cancer becomes resistant to cyclophosphamide, suggesting that the gut microbiota 

can help to shape the anti-cancer (and potentially anti-rheumatic) immune response to this 

drug and related compounds69. Although informative, these proof-of-principle, mechanistic 

studies were performed in mouse models, in which the microbiome composition differs 

substantially from that of humans. With this limitation in mind, subsequent work has 

looked at the generalizability of microbiome-mediated biotransformations in patients with 

rheumatic or oncological diseases.

Drug modulation by human gut microorganisms

Many of the initial studies in modern human pharmacomicrobiomics have been in immuno-

oncology. These studies are of interest to the rheumatology field, as many drugs used in 

the treatment of cancer are either also used in rheumatology (for example, methotrexate 

and cyclophosphamide) or known to cause autoimmune-like syndromes (such as checkpoint 

inhibitor-induced inflammatory colitis or arthritis). Several examples elegantly illustrate how 

the gut microbiome can modulate response to therapy in human disease. A pivotal study 

in 2016 analysed outcomes in patients with metastatic melanoma undergoing treatment 

with the checkpoint inhibitor ipilimumab, a monoclonal antibody that blocks cytotoxic T 

lymphocyte antigen 4 (CTLA4), and correlated the pretreatment composition of the patients’ 
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microbiota with the development of colitis after treatment70. Baseline gut microbiota 

composition also predicted colitis in a subsequent ipilimumab study71, suggesting the 

possibility that microbial biomarkers might enable interventions to reduce the risk of 

inflammatory complications following immunotherapy.

Other work in the field of pharmacomicrobiomics has revealed that the baseline gut 

microbiome of patients with metastatic melanoma and other tumours can predict the 

outcomes of treatment with anti-programmed cell death protein 1 and anti-CTLA4 

immunotherapies25,72-74. Importantly, modulation of the gut microbiome of germ-free mice 

via faecal microbiota transplantation (FMT) using samples from patients who responded to 

immunotherapy with ipilimumab could alter antitumour immunity and improve therapeutic 

response in the recipient mice75. Perhaps most intriguing is a 2018 report describing the 

successful implementation of FMT using samples from a single healthy unrelated donor to 

treat two patients with refractory immune checkpoint inhibitor-associated colitis; following 

FMT and gut microbiome reconstitution in both patients, the proportion of regulatory T cells 

increased within the colonic mucosa and clinical symptoms of colitis resolved76.

A 2019 study42 expanded our knowledge on the capacity of the human intestinal 

microbiome to biotransform oral medications prescribed for a wide range of clinical 

purposes, by combining the use of high-throughput functional genomic analyses and mass 

spectrometry to systematically identify human gut microorganisms and their gene products 

that metabolize drugs. Intriguingly, the results show that a large variety of human gut 

bacteria can metabolize a wide array of drugs, including anti-fungal, anti-hypertensive, 

anti-viral and hormone replacement medications; indeed, more than two thirds (176 of 271) 

of the tested medications were ultimately biotransformed42. However, the screening platform 

used in this study lacked controls, making the results and cut-off levels (that is, at what level 

a drug would be considered ‘metabolized’) challenging to interpret. Further work will be 

required to validate this approach.

Taken together, pharmacomicrobiomic data provide evidence that the gut microbiome can 

modulate the effects of parenteral immunotherapies and metabolize a sizable selection of 

oral medications (including anti-inflammatory drugs), with potential implications for the 

treatment of chronic inflammatory and autoimmune disorders77,78.

Pharmacomicrobiomics in autoimmunity

Research groups investigating human autoimmune diseases have utilized 

pharmacomicrobiomics methods in the analysis of the intestinal microbiome and/or its 

genetically encoded functions as predictors of response to biologic therapies (TABLE 1). 

Three prospective studies using samples from patients with inflammatory bowel disease 

(IBD)79 investigated associations between features of the microbiome and response to TNF 

inhibitors in biologic-naive patients with ulcerative colitis80, the α4β7 integrin blocker 

vedolizumab in patients with IBD81 and the IL-12–IL-23 blocker ustekinumab in patients 

with Crohn’s disease82. Pharmacomicrobiomics has also been applied to the study of drugs 

used for the treatment of human rheumatic diseases20,21. For example, the metabolic fate 

of paracetamol (also known as acetaminophen) was shown to be markedly associated 
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with an individual’s pretreatment urinary concentration of p-cresol sulfate, a co-metabolite 

derived from the human gut microbiota83,84. As discussed, azo-bonded prodrugs used in 

the treatment of IBD and inflammatory arthritis (including sulfasalazine) rely on colonic 

bacteria for cleavage of the azo bonds via microbial azoreductases, which releases the 

biologically active compound in the large intestine. These enzymes are ubiquitous across 

the human gut microbiome85,86 and each azoreductase can bind multiple substrates87,88. 

However, the rate at which azo compounds are metabolized is substrate dependent. 

Moreover, the gut microbiota can metabolize the downstream metabolites of these azo 

reductions; for example, 5-ASA is inactivated by bacterial arylamine N-acetyltransferases89. 

Importantly, the activity of azoreductases has a high inter-individual variability89,90, further 

underscoring the need to incorporate gut microbiome analysis and metabolomics when 

studying clinical disparities in drug efficacy. This need was exemplified in a study using an 

in vitro colonic simulator to determine the rates of metabolism of sulfasalazine and other 

azo-bonded prodrugs in the presence of human-derived colonic bacteria65.

The intestinal microbiome has also been explored as a modulator of clinical outcome of 

treatment with monoclonal antibody therapies for inflammatory arthritis (TABLE 1). In 

2018, a pilot study investigated whether baseline gut microbiota of patients with axial SpA 

predicted response to TNF inhibition91. Evaluation of stool samples from 19 patients using 

16S-seq before and 3 months after anti-TNF treatment coupled with assessments of SpA 

disease activity suggested that a high relative abundance of the order Burkholderiales prior 

to initiation of anti-TNF therapy was modestly predictive of future response, although these 

results were not statistically significant after correction for multiple comparisons92.

An intriguing study in the β-1,3-glucan (curdlan)-triggered SKG mouse model of SpA 

revealed that treatment of SKG mice with anti-IL-23 monoclonal antibodies before curdlan 

injection not only suppressed SpA development but also shifted the faecal microbiota 

composition (with an increase in the relative abundance of the families Clostridiales and 

Lactobacillaceae) and prevented the outgrowth of SpA-associated pathobionts93. These 

results suggest that the interplay between host IL-23 and gut bacteria might promote the 

emergence of clinically evident SpA in genetically predisposed individuals.

The gut microbiota is also perturbed in patients with new-onset PsA, with dysbiosis 

resembling that seen in patients with IBD18. Treatment with either IL-17 blockade or TNF 

blockade affects the gut bacterial and fungal microbiota of patients with PsA and SpA too94. 

The relative abundance of several specific bacterial taxa, particularly Clostridiales, shifted 

after both treatments, with the changes more prominent with IL-17 blockade compared with 

TNF blockade. Intriguingly, in a subgroup of patients, initiation of IL-17A blockade was 

associated with a perturbation of intestinal fungal taxa, most notably Candida albicans. 
These results are not unexpected, as most clinical trials have reported occurrences of 

oropharyngeal candidiasis after IL-17A blockade95. However, intestinal candidiasis could 

help to explain why this treatment strategy failed in IBD96 and could potentially predict 

which (small subset of) patients with SpA treated with these biologics will develop (sub) 

clinical IBD96,97.
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Predicting response to methotrexate

Despite remarkable advances in understanding the pathogenesis of RA and the discovery 

of numerous new therapies, oral methotrexate remains the anchor drug for the treatment of 

RA and related autoimmune conditions worldwide98. An accumulating body of literature 

suggests that early and aggressive intervention with methotrexate results in low disease 

activity, slow radiographic progression and can even lead to remission in some patients with 

RA99. This principle is now reflected in current treatment guidelines for RA, most notably 

those from the ACR (published in 2015) and EULAR (2020), which recommend the use 

of methotrexate in all patients with early RA100,101. However, more than half of patients 

with moderate or severe RA show no or suboptimal improvement in their symptoms in 

response to methotrexate therapy8,102-104, and bioavailability of the drug is known to be 

highly variable between individuals105-107. The reasons for these disparities remain unclear, 

and despite decades of study, differences in clinical response to methotrexate cannot be 

accurately predicted by host genetic factors or other established biomarkers108. An initial 

effort using concentrations of red blood cell methotrexate polyglutamates explained <20% of 

the variation in drug response109,110 and required a lengthy trial of methotrexate treatment, 

but the findings have not been consistently reproduced in other cohorts111,112. Other factors 

explored as potential determinants of methotrexate efficacy have included serum or plasma 

concentrations of methotrexate106,113, clinical factors such as sex and disease activity114-117 

and circulating CD39+ regulatory T cells117,118. More than 70 genetic studies have also 

explored polymorphisms in candidate genes as predictors of methotrexate response, but no 

genetic marker has yet been sufficiently validated119.

A handful of cohort studies have integrated clinical, demographic and host-genomic factors 

into models to predict (lack of) responsiveness to methotrexate120,121. More than a decade 

ago, pivotal work led to the first clinical–pharmacogenetic model (that is, combining risk 

alleles with sex, smoking and the presence of rheumatoid factor) to predict the efficacy of 

methotrexate monotherapy in patients with recent-onset RA (defined as disease duration <2 

years)122. Although this tool has improved the original genetics-based models by integrating 

multiple variables, its accuracy remains imperfect, and the clinical application of this model 

is not generalizable across populations123-125.

The failure of other factors to account for differences in the response to methotrexate raises 

the possibility that this variability could be driven, at least partially, by inter-individual 

disparities in the composition and function of the gut microbiome. As discussed earlier, 

work in germ-free and antibiotics-treated mice demonstrated decreased intestinal absorption 

and metabolism of methotrexate in these mice relative to wild-type mice66,67, suggesting 

a critical role for the gut microbiome in the biotransformation of this drug. Moreover, 

the gut microbiomes of patients with untreated, new-onset RA have been found to vary 

in bacteria-derived purine metabolic pathways, including biosynthesis of tetrahydrofolate 

(and other purines)17, which could modulate the absorption, bioavailability and downstream 

therapeutic effects of oral methotrexate.

A 2015 study found that the oral microbiome (and to a significantly lesser extent the gut 

microbiome) distinguished individuals with RA from healthy controls, and that microbiome 
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alterations correlated with clinical indices and response to therapy, suggesting potential 

diagnostic and prognostic value126. However, this study focused primarily on patients 

with longstanding, established RA, who are known to harbour a markedly distinct gut 

microbiome relative to patients with new-onset RA17. In addition, response to methotrexate 

was predicted on the basis of the abundance of metagenomics-catalogued species rather than 

specific gene orthologues, thus precluding a detailed functional analysis.

A study using 16S-seq demonstrated that, over time, oral methotrexate at doses 

conventionally used in RA does not lead to consistent perturbations in gut microbial 

ecology127. However, applying in vitro and gnotobiotic methods, methotrexate can be 

observed to affect the composition of the gut microbiota of humanized mice in a dose-

dependent manner and to directly inhibit the growth of some human gut bacteria128. Taken 

together, these data suggest that methotrexate, by altering bacterial physiology, might exert 

its anti-inflammatory effects in part by modulating the gut microbiome of patients with 

RA. Intriguingly, ongoing studies have demonstrated that the pretreatment microbiomes 

of patients with new-onset RA can be used to differentiate methotrexate responders from 

non-responders129. Moreover, use of machine learning techniques resulted in a robust 

predictive model, and remaining concentrations of methotrexate after ex vivo incubation 

with pretreatment samples from patients with new-onset RA correlated with the magnitude 

of future clinical response, suggesting a direct effect of the gut microbiome on methotrexate 

bioavailability and response to therapy129. Together, these results provide the first step 

towards the use of the gut microbiome to predict response to oral methotrexate therapy in 

patients with new onset RA and perhaps even its use as a target for manipulation in the 

treatment of rheumatic and autoimmune disease. Work is ongoing to understand if parenteral 

administration of methotrexate (and biologic therapies) can also be affected by the gut 

microbiome and whether using the microbiome as a predictor of response can be applied to 

other oral anti-rheumatic drugs (for example, JAK inhibitors).

Applications for precision medicine

Advancing our knowledge and the translational applicability of pharmacomicrobiomics is 

highly relevant to our understanding of drug efficacy and adverse reactions to medications 

routinely prescribed in rheumatology (FIG. 3). Because the magnitude of response to drugs 

such as methotrexate, sulfasalazine and other synthetic and biologic DMARDs is known 

to have a high and unpredictable interindividual variability, the incorporation of precision 

medicine strategies based on features of the gut microbiome could help to guide a more 

rational use of these treatments (BOX 2).

From a diagnostic perspective, it is possible to envision the application of 

pharmacomicrobiomics in rheumatology through the measurement of microbial species, 

genes, transcripts and/or proteins that affect drug metabolism, small-molecule transport or 

immunoprotective responses19. This information could empower both clinicians and patients 

to adopt the best course of therapeutic action, on the basis of pretreatment gut microbial 

features (FIG. 3). In turn, this information can guide decision-making by either avoiding 

medications that are likely to fail to achieve meaningful clinical outcomes or engineer 

new avenues of microbiome-modulating strategies (sequential or adjuvant) that can lead 
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to a desirable composition of microorganisms or genes to improve drug bioavailability 

and symptom amelioration. As discussed, these approaches have already proven successful 

in oncology (for example, the use of baseline gut microbiota as a predictor of clinical 

response and the development of colitis in checkpoint inhibitor trials72-74, as well as the 

use of FMT for the treatment of colitis70,71,130,131), and they are now being employed in 

human inflammatory arthritis. One relevant example is the FLORA study132, an ongoing 

randomized, placebo-controlled trial of FMT in patients with active PsA who have an 

inadequate response to methotrexate.

Although much will be learned from these proof-of-principle studies, other, less 

cumbersome, microbiome-regulating modalities are being tested, including adjuvant 

prebiotic and probiotic approaches that can potentially achieve similar results 

without the challenges and barriers of FMT (for example, risks inherent to the procedure, 

lack of clinical practicality and the potential to introduce pathogens into the recipient). 

Novel technologies, such as organs-on-chips (for example, gut-on-a-chip)133-135 and 

bacterial culturomics21,136, promise to aid in the understanding of the mechanisms 

underlying pharmacomicrobiomics by attempting to mimic the intestinal environment and 

to recapitulate physiological host–microorganism interactions. Drugs of interest can then be 

incubated in these systems to assess their effect on bacterial growth and metabolism137, as 

well as the mechanisms by which bacteria biotransform medications (FIG. 3).

Conclusions

Numerous studies have demonstrated that the absorption, distribution, metabolism and 

excretion of drugs and other xenobiotics require multistep, effective interactions between 

host and microbial pathways58. Therefore, the integration of clinical factors, host genomics 

and pharmacomicrobiomics in a rigorous and validated manner, and their application in 

extensively phenotyped cohorts, will establish the basic knowledge for major advances 

in personalized medicine in rheumatology. Further discoveries of drug–microbiome–host 

interactions will require the application of innovative bioinformatic and machine learning 

tools coupled with ex vivo, in vitro and gnotobiotic models.
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Glossary

Pharmacokinetics
The study of how an organism affects a drug, including absorption, distribution, 

bioavailability, metabolism and excretion.

Pharmacodynamics
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The study of the biochemical, physiological and molecular effects Of drugs on the body, 

including receptor binding, Post-receptor effects and chemical interactions.

Xenobiotics
Chemical compounds (for example, drugs or pollutants) found within but not produced by 

living Organisms.

Biotransformations
The processes by which a compound (for example, a drug) is transformed from one form to 

another by a chemical reaction within the body.

Microbial consortia
Two or more microbial groups living symbiotically.

Random forest
A data construct classifier applied to machine learning that develops large numbers of 

random decision trees that analyse multiple sets of variables.

Operons
Genetic regulatory systems found in bacteria and their viruses in which genes encoding 

functionally related proteins are clustered along the DNA.

Prebiotic
Non-digestible supplement that induces the growth (and/or activity) of commensal 

microorganisms.

Probiotic
Supplement containing live microorganisms that can alter the composition of microbiota and 

are supposed to provide health benefits to the host.

Bacterial culturomics
A method that allows for the description of the microbial composition by high-throughput 

culture platforms.
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Box 1 ∣

Methods and tools for studying pharmacomicrobiomics

Metagenomics

The study of a microbial community by sequencing the aggregate genetic material 

from an environmental or clinical sample. Abundance of drug-related pathways and/or 

specific enzymes within a microbial community can provide insights into non-host-driven 

biotransformation processes.

Gnotobiotic animals

Animals in which the composition of all microorganisms present is known; the term 

‘gnotobiotic’ derives from the Greek words ‘gnostos’ (meaning ‘known’) and ‘bios’ 

(‘life’).

Germ-free mice

Mice bred and raised under conditions to render them free from all microorganisms. 

Transplanting whole human faecal microbial communities (or specific taxa or consortia) 

into germ-free mice enables the study of biotransformations within a known taxonomic 

environment.

Human microbiota-associated (‘humanized’) mice

Mice in which human faecal microbiota is established in germ-free mice through the 

transplantation of fresh or frozen gut microbiota samples (that is, faecal microbial 

transplantation).

Metabolomics

The quantification of all metabolites of a biological system, commonly using high-

throughput analytical platforms such as nuclear magnetic resonance spectroscopy, gas 

chromatography–mass spectrometry and liquid chromatography–mass spectrometry; in 

pharmacomicrobiomics, the focus is bacteria-derived and drug metabolites. Non-targeted 

metabolomics are optimized to cover as much of the metabolome as possible, whereas 

targeted metabolomics can accurately quantify a known set of metabolites.

Computational methods and machine learning

Integrative network analysis, pathway analysis and predictive models combine clinical 

phenotypic data, 16S rRNA gene sequencing data and metagenomic and metabolomic 

features to characterize interactions between drugs, the microbiome, metabolites and host 

factors and their effects on drug bioavailability and pharmacokinetics. These methods 

and models can then be used to predict clinical responses and the deleterious effects of 

medications of interest.
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Box 2 ∣

Potential applications of pharmacomicrobiomics in precision medicine

Intestinal microbiome as a biomarker of response

Microbial community composition, the relative abundance of specific taxa, microbial 

pathways or metabolites could be measured to predict the efficacy and/or toxicity of 

synthetic and biologic DMARDs and other commonly used anti-rheumatic medications. 

This information could help to guide clinical decision-making and the initiation of 

early and effective treatments in rheumatoid arthritis, psoriatic arthritis and other related 

diseases.

Microbiome-modulating strategies

Taxonomic, metagenomic and metabolomic approaches enable the identification of 

microbial communities, strains and/or metabolites that can modulate drug bioavailability 

and improve clinical efficacy (or decrease the occurrence of adverse events). Strategies 

to modulate the microbiome include adjuvant therapies that either introduce communities 

or consortia (for example, via faecal microbiota transplantation or probiotics) or the 

modification of microbial composition through natural or engineered products (for 

example, probiotics).

Inhibition of gut microbial enzymes

Small molecules can be designed to inhibit the activity of bacterial functional pathways 

involved in the biotransformation of drugs into toxic metabolites (for example, the 

inhibition of β-glucuronidase to prevent NSAID-associated enteropathy).
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Key points

• Culture-independent, high-throughput DNA and RNA sequencing 

technologies—coupled with deeper insight into host mucosal immunology — 

have substantially advanced our understanding of the role of microorganisms 

in modulating health and disease.

• Pharmacomicrobiomics, an emerging field that describes the complex 

interaction of drugs with the microbiome, is increasingly considered an 

important factor in the prediction of therapeutic responses in many medical 

subspecialties.

• Multiple tools, including ex vivo cultures, metabolomics and gnotobiotic 

experiments, have enabled a deeper mechanistic understanding of host–

microbial interactions in the pharmacokinetics of many available drugs.

• Emerging evidence supports the notion that the bioavailability, clinical 

efficacy and toxicity of several drugs used to treat human inflammatory 

arthritis can be modulated by human gut microorganisms and their enzymatic 

products.

• Pharmacomicrobiomics could potentially be incorporated into precision 

medicine approaches in rheumatology.
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Fig. 1 ∣. Gut microorganisms in drug metabolism and physiology.
a ∣ Bacteria and other microorganisms that inhabit the human gut can directly alter 

the chemical structures of many dietary components, environmental chemicals and 

pharmaceuticals. These biotransformations have the potential to affect drug bioavailability, 

pharmacokinetics, clinical efficacy and the development of adverse events. An accumulating 

body of evidence is clarifying the molecular mechanisms responsible for many of these 

biological changes in anti-inflammatory medications. b ∣ Microorganisms can directly alter 

a drug through inactivation, activation or direct physical interactions that alter the drug’s 

bioavailability. c ∣ Indirect mechanisms of drug biotransformation include the production of 

intermediate bioactive metabolites by gut microorganisms and the alteration of host gene 

regulation and expression in response to microbial interactions.
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Fig. 2 ∣. Mechanisms of gut microbiome modulation of anti-rheumatic drug disposition and 
response.
The microbial metabolism of anti-rheumatic drugs can lead to their activation or 

inactivation, or result in the production of toxic compounds. a ∣ Activation is the conversion 

of a prodrug into its bioactive form, thus contributing to therapeutic concentrations. For 

example, biotransformation of sulfasalazine produces 5-aminosalicylic acid (5-ASA) and 

sulfapyridine (the active form of the prodrug in rheumatoid arthritis), b ∣ Inactivation 

is the conversion of an active metabolite into a less bioactive metabolite. For example, 

methotrexate is converted into 2,4-diamino-N10-methylpteroic acid (DAMPA) through the 

action of an (as yet uncharacterized) microbial enzyme. c ∣ Toxicity results from the 

production of bacterial metabolites that are deleterious to the host, for example, through 

the hydrolysis of glucuronidated NSAIDs.
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Fig. 3 ∣. Translational implications of pharmacomicrobiomic studies in rheumatic diseases.
In clinical studies with deeply phenotyped patient populations and known outcomes of 

synthetic (sDMARDs) or biologic DMARDs (bDMARDs) (such as efficacy and adverse 

events) (left panel), microbial features can be integrated with established biomarkers of 

response (for example, host genetics or immune cell profiles) via machine learning and 

network analyses to develop predictive tools. Mechanistic studies applying in vivo methods 

(middle panel) and in vitro or ex vivo methods (right panel) can complement and expand 

the understanding of drug biotransformation by the human gut microbiome, including 

activation, inactivation, conversion into toxic metabolites and bioavailability. FMT, faecal 

microbiota transplantation.
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