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Despite the recognition, nearly a century ago, that the human microbiome plays a clinically relevant role in
drug disposition, mechanistic insights, and translational applications are still limited. Here, we highlight
the recent re-emergence of ‘‘pharmacomicrobiomics,’’ which seeks to understand how inter-individual var-
iations in the microbiome shape drug efficacy and side effect profiles. Multiple bacterial species, genes, and
enzymes have already been implicated in the direct biotransformation of drugs, both from targeted case
studies and from systematic computational and experimental analyses. Indirect mechanisms are also at
play; for example, microbial interactions with the host immune system can have broad effects on immuno-
modulatory drugs. Finally, we discuss multiple emerging strategies for the precise manipulation of complex
microbial communities to improve treatment outcomes. In the coming years, we anticipate a shift toward a
more comprehensive view of precision medicine that encompasses our human and microbial genomes
and their combined metabolic activities.
Why do drugs work well for one patient while failing to have an

effect or inducing severe side effects on the next? The answer

is complicated and multifaceted. Multiple decades of progress

in pharmacogenetics and pharmacogenomics (Box 1) (Thorn

et al., 2013) have revealed the fundamental mechanisms through

which drugs are metabolized by hepatocytes, enterocytes, and

other cell types throughout the body and the importance of

drug transporters in mediating the absorption, distribution, and

elimination of drugs and other foreign compounds (xenobiotics).

These studies have also helped illuminate drug mechanisms of

action and helped to identify novel drug targets. Robust associ-

ations between human genotype and drug outcomes has

enabled diagnostic tests that inform drug selection and dosing

(Thorn et al., 2013).

In comparison, the pharmacomicrobiomics field is still in the

dark ages (Box 1). Although there is a long and rich history of

research on antibiotic resistance mechanisms in pathogenic

bacteria (Lewis, 2013), we still know very little about how drugs

interact with our resident microbial communities and the mech-

anisms through which themicrobiome shapes drug pharmacoki-

netics and pharmacodynamics. Several questions remain unan-

swered: How many drugs are influenced by the microbiome?

What are the microbial species, genes, and enzymes involved

in the direct biotransformation of drugs? Do some drugs act in

part by shaping the microbiome? How does microbial coloniza-

tion alter host pathways for drug metabolism, absorption, or

even mechanism of action? Given the complexity of the micro-

biome, is it possible to develop targeted approaches for control-

ling microbial metabolic activity and/or their interactions with

host tissues?

Here, we summarize and discuss the recent studies that have

ventured into a new frontier by revealing mechanistic insights
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into the reciprocal interactions between drugs and the human

microbiome. Our focus in this review is on host-targeted (i.e.,

non-antibiotic) drugs. Antibiotics are discussed elsewhere in

this special issue of Cell Host & Microbe. Whereas much of the

current literature focuses on the distal gut microbiome, we also

highlight studies that have begun to apply these concepts to mi-

crobes in other body habitats, including the reproductive tract

and even within solid tumors. Finally, we discuss exciting new

developments in engineering the microbiome and how that

might be leveraged to design microbiome-based therapeutics.

These innovative new approaches have broad relevance beyond

microbial drug metabolism, opening up new opportunities to

target components of the microbiome or even to harness the mi-

crobiome for new medicines. Together, these studies provide a

proof-of-principle that a mechanistic understanding of the role

of the microbiome in pharmacology is possible and offer strong

support for the hypothesis that the microbiome represents a ne-

glected yet clinically relevant contributor to drug response. They

also emphasize the utility of an interdisciplinary approach that

borrows concepts and methods from biochemistry, chemical

biology, computer science, genetics, and genomics, among

others.

From Case Studies to Systematic Analyses of Microbial
Drug Metabolism
The vast evolutionary and metabolic diversity found within host-

associated microbial communities can be overwhelming. A well-

studied example comes from genes involved in carbohydrate

metabolism: whereas the human genome encodes around two

dozen distinct enzymes, the suite of carbohydrate-active

enzyme families encoded by the microbiome numbers in the

hundreds (Turnbaugh et al., 2010). The combined arsenal of
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Box 1. Glossary of Terms

Drug disposition: the combination of absorption, distribution, metabolism, and elimination of a drug

Microbiome: often used interchangeably with microbiota; used here to refer to the aggregate genetic material of microbiota

Microbiota: the combined set of microorganisms found with a given human body habitat

Pharmacogenetics: the study of how human genetic polymorphisms affect drugs

Pharmacogenomics: the study of how the human genome affects drugs

Pharmacomicrobiomics: the study of how the microbiome affects drugs

Pharmacokinetics: the study of how drugs move throughout the body

Pharmacodynamics: the study of drugs and their mechanism of action

Toxicomicrobiomics: an emerging area of study that considers the broad effects of toxic compounds on cells across all domains

of life

Xenobiotics: compounds foreign to a living organism such as drugs or environmental pollutants
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distinct microbial enzymes involved in the metabolism of

endogenous and exogenous small molecules remains to be

determined.

One indication of the complexity of this enzymatic machinery

comes from the growing list of known drugs that can be metab-

olized by the human gut microbiome (Spanogiannopoulos et al.,

2016). These compounds vary in structure, molecular weight,

polarity, and solubility, making it highly likely that a large set of

enzymes underlie their biotransformation. One prominent

example is the bacterial hydrolysis of glucuronic acid residues

from anti-cancer and anti-inflammatory drugs (Pellock and Red-

inbo, 2017), where a remarkable degree of diversity in bacterial

b-glucuronidase structure translates to differences in substrate

scope (Pollet et al., 2017). In total, 279 unique proteins, which

could be binned into 6 structural categories with varying ability

to accommodate small molecules versus macromolecules like

polysaccharides, were discovered. Importantly, automated

annotation pipelines will often mask this fine-scale diversity,

which in this case would greatly underestimate the disparate

strategies gut bacteria use for scavenging sugar from diverse

chemical scaffolds.

Because of our limited understanding of the microbial en-

zymes involved in non-antibiotic drug biotransformation, multi-

ple researchers have chosen to pursue in-depth mechanistic

analyses of single drugs of interest. These ‘‘case studies’’

(Figure 1B) have helped to provide fundamental insights that

are now being leveraged to design more systematic analyses

of drug metabolism by complex host-associated microbial com-

munities.

We recently discovered and characterized an enzyme (cardiac

glycoside reductase 2 [Cgr2]) that is sufficient for the reductive

inactivation of the cardiac drug digoxin by select strains of the

gut Actinobacterium Eggerthella lenta (Haiser et al., 2013; Kop-

pel et al., 2018). Because of the lack of genetics tools for

E. lenta, we used comparative genomics to identify a single

genomic locus—an 8-gene cgr-associated gene cluster—pre-

dictive of digoxin reduction. Transcriptomics (RNA-seq) nar-

rowed this list down to 2 candidate genes that were significantly

upregulated in the presence of digoxin, whereas heterologous

expression and in vitro biochemical characterization confirmed

that a single enzyme (Cgr2) is sufficient for digoxin reduction.

Surprisingly, this enzyme appears to be specific for cardenolides

(toxic plant compounds like digoxin), raising questions as to

whether Cgr2 evolved in environmental contexts that have
more routine exposure to plant toxins. Analysis of homologous

reductases across bacterial genomes and human gut micro-

biomes highlighted the vast enzymatic diversity and need for a

systematic functional characterization of these novel reductase

sub-families (Koppel et al., 2018).

A more recent example of gut bacterial drug inactivation

comes from studies of the immunosuppressant tacrolimus,

which shows high and unexplained variability in its efficacy for

organ transplantation patients. An analysis of 19 kidney trans-

plant recipients revealed that patients requiring dose escalation-

had a higher relative abundance of the gut bacterium Faecalibac-

teriumprausnitzii than stable dose controls (Lee et al., 2015). This

finding was surprising given the recent discovery of specific anti-

inflammatory proteins expressed by F. prausnitzii (Quévrain

et al., 2016), which might imply that an increased abundance

of this bacterium would be beneficial for drug efficacy. This

paradox was recently explained through the discovery that

F. prausnitzii and other gut Firmicutes are capable of metabo-

lizing tacrolimus to an inactive metabolite unique to bacteria

and detectable in stool samples from patients (Guo et al.,

2019). Thus, gut bacterial strains can have opposing effects rele-

vant to disease; strain-level variations and/or environmental fac-

tors might tip the scales between the extent of bacterial drug

biotransformation versus host immunomodulation for each

patient.

Importantly, the effect of host-associated bacteria on drug

metabolism is generalizable to other body habitats (Klatt et al.,

2017) and even diseased tissue (Geller et al., 2017). Compari-

sons of the vaginal microbiotas of patients given the anti-retro-

viral drug tenofovir revealed enhanced drug efficacy in microbio-

tas dominated by Lactobacillus compared with those with high

abundance of Gardnerella vaginalis (Klatt et al., 2017). Measure-

ments of drug levels both in patients and after in vitro incubation

with G. vaginalis suggested that drug inactivation by bacteria is

responsible for the reduced efficacy. Interestingly, a recent study

of pancreatic ductal adenocarcinoma arrived at a similar conclu-

sion but with the opposite approach (Geller et al., 2017). Bacte-

rial contamination of cancer cell lines led to resistance to the

anti-cancer drug gemcitabine, which was attributed to the long

isoform of the bacterial enzyme cytidine deaminase. Intratumoral

injections of cytidine-deaminase-expressing gut bacterial iso-

lates impaired the treatment of disease in mouse models and

76% of the analyzed patient cancer samples had detectable

amounts of bacteria, mainly Gammaproteobacteria.
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Figure 1. Drug Metabolism: From Case Studies to Screens
(A) Case studies and screens are complementary approaches. Detailed case
studies enable the discovery and mechanistic analysis of the microbial spe-
cies, genes, and enzymes involved in drug biotransformations, whereas
screens enable more high-throughput testing of drug metabolism by individual
strains or bacterial consortia.
(B) Case studies have identified bacterial strains involved in the transformation of
drugs or their metabolites; examples include digoxin (Eggerthella lenta DSM
2243), levodopa (Enterococcus faecalis v583), and SN-38 (Escherichia coliK12).
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It is also possible for bacteria to interfere with drug

bioavailability through the peripheral activation of compounds

prior to reaching their target tissue. A recent study revealed

that a tyrosine decarboxylase conserved in Enterococcus fae-

calis is necessary and sufficient to convert the Parkinson’s

disease medication levodopa (L-DOPA) to dopamine (van

Kessel et al., 2019). Data from rodent models and patient co-

horts supported the key role of E. faecalis in determining drug

bioavailability (van Kessel et al., 2019), prompting ongoing

efforts to identify small molecule inhibitors that are

selective for the bacterial enzyme but do not affect host

decarboxylation.

Altogether, these and other recent case studies (Zimmermann

et al., 2019) highlight that bacterial drug metabolism is a general

mechanism throughwhich themicrobiome in the gastrointestinal

and reproductive tracts, and perhaps even within diseased tis-

sue, alters drug response. However, it is difficult to predict the

overall effect of direct microbial drug metabolism from these

studies. To address this major gap in our knowledge, multiple

research groups have begun developing complementary

computational and experimental methods to systematically

study the metabolism of drugs by host-associated microorgan-

isms (Figure 1A).

We have made some early progress toward establishing a

computational tool for predicting microbial drug metabolism

(Mallory et al., 2018). Our approach leverages recent advances

in comparing and characterizing chemical transformations by

using continuous vector representations. By applying this

approach to the MetaCyc database (Caspi et al., 2018), we

were able to systematically cluster reactions. Analysis of a

‘‘gold standard’’ set of known drug-metabolite transformations

revealed matches with similar substructure modifications, moti-

vating ongoing work to expand this method to assess the full set

of FDA-approved compounds and their potential sensitivity to

gut bacterial metabolism.

A major bottleneck in validating these predictions is the lack of

robust platforms for the systematic quantification of large drug

panels and their microbial metabolites. Recently, two research

groups (Chankhamjon et al., 2019; van de Steeg et al., 2018)

(Figure 1C) incubated human stool samples with drugs under

laboratory conditions (t = 24 h in both studies) and subsequently

subjected the samples to high-performance liquid chromatog-

raphy-mass spectrometry (HPLC-MS) analysis of the drugs

and drug metabolites. The hit rate varied between studies; 5

out of 12 (41%) of the tested drugs metabolized in the first study

(van de Steeg et al., 2018), and 57 out of 438 (13%) of the tested

drugs metabolized in the second study (Chankhamjon et al.,

2019). Combined with prior literature-based surveys (Spano-

giannopoulos et al., 2016), this brings the total list of drugs sen-

sitive to in vitro and/or ex vivo microbial drug metabolism to 108

(96 of which are not considered antibiotics). This number is un-

doubtedly an underestimate given the focus on drugs that

were already known to be metabolized in the former study (van
(C) Ex vivo screens can be applied to human fecal samples to identify drugs
subject to microbial metabolism by a particular individual or individuals. A
recent study used ex vivo incubations of a pooled fecal sample from 7 donors
with a panel of 12 drugs and identified metabolites for nizatidine, risperidone,
sulfasalazine, sulfinpyrazone, and sulindac.
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Figure 2. Off-Target Effects of Drugs on the Gut Microbiota and
Their Consequences for Disease Treatment
(A) Drugs can interact with the microbiota in a number of ways to potentially
affect the treatment of disease, including affecting microbial growth and
composition, being subject to inactivation and thus leading to reduced avail-
ability, or being converted to bioactive metabolites that can exert their own
effects including toxicity.
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de Steeg et al., 2018) and the use of only a single stool sample in

the latter (Chankhamjon et al., 2019). More work is necessary to

determine the predictive power of these or other laboratory tests

for in vivo drug metabolism, analogous to the well-established

in vitro to in vivo extrapolation (IVIVE) methods used for mamma-

lian drug metabolism. Importantly, even if some of these reac-

tions are not physiologically relevant, they could still provide

important insights into the diverse biotransformations catalyzed

by human gut bacteria and a starting point for mechanistic

dissection.

Collateral Effects of Non-antibiotic Drugs on the Human
Microbiome
Recent large-scale surveys of the human gut microbiome have

revealed that environmental, rather than genetic, factors

explain more of the observed variation in community structure

(Falony et al., 2016; Rothschild et al., 2018). Remarkably, medi-

cation use explained the most variation in a cohort of > 1,000

Belgian individuals (Falony et al., 2016) outweighing even the

reported variation in dietary intake. An obvious caveat to these

cross-sectional studies is that it is not possible to determine the

reason for the strong association between drugs and microbial

community structure given the confounding effect of host path-

ophysiology, treatment-associated shifts in dietary supple-

ments and other lifestyle factors, or other socioeconomic

factors.

One approach, albeit artificial, for testing the direct effect of

drugs on human gut microbial communities is to use the

ex vivo incubation of human stool samples with panels of drugs.

To this end, we performed a small screen of 8 antibiotics and 6

non-antibiotic drugs against the gut microbiomes of 3 unrelated

individuals (Maurice et al., 2013). Incubations were performed for

4 h immediately upon sample collection to minimize changes in

bacterial physiology and community structure in response to

storage and/or more prolonged incubations. As expected, the

antibiotics consistently induced bacterial cell damage across

these complex microbial communities. None of the tested non-

antibiotic drugs had a significant effect on bacterial physiology

or community-wide growth; however, we were able to identify

changes in the expression of putative genes for drug tolerance

mechanisms and drug metabolism (Maurice et al., 2013).

A more recent study described a large-scale screen of > 1,000

drugs against 38 gut bacterial species (Maier et al., 2018)

(Figure 2B). Surprisingly, 24% of the tested non-antibiotic drugs

inhibited the growth of at least one bacterial strain at what was

estimated to be a physiologically relevant concentration. How-

ever, it remains unclear how this antimicrobial activity would

change given different drug formulations, co-therapies, or other

host and environmental factors. More importantly, the threshold

used to assign inhibitory activity was relatively modest (25%
(B) A large screen of 40 bacterial strains against the 1,197-compound Pre-
stwick library has demonstrated that multiple host-targeted (non-antibiotic)
drugs can affect members of the human gut microbiota in vitro, with as-yet-
unknown effects in vivo or during the course of therapy.
(C) Drug-induced changes to the microbiota during the course of therapy
might contribute to or influence drug efficacy on the host. A recent study with
metformin found that, compared with transplant of treatment-naive stool,
post-treatment (after 4 months of treatment) stool transplanted into germ-free
mice improved glucose tolerance.
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growth decrease in mono-culture compared with that of con-

trols), consistent with our prior work (Maurice et al., 2013) sug-

gesting that non-antibiotic drugs might act primarily by shaping

microbial community gene expression, cellular physiology, and

metabolic activity in the absence of full growth inhibition or

cell lysis.

Assuming that some of the direct effect of non-antibiotic drugs

on themicrobiome is observed in patients, the next question is the

degree to which drug-induced changes in the microbiome have

downstream consequences related to mechanism-of-action

and/or side effect profiles. The first proof-of-principle that drug-

induced shifts in the gut microbiome are relevant to disease out-

comes comes fromstudies of the type 2 diabetesmedicationmet-

formin (Wuet al., 2017). A double-blind randomizedcontrol trial re-

vealed a significant association betweenmetformin use and shifts

in the human gut microbiome. Transplantation of the stool micro-

biomes of patients pre- and post-metformin into germ-free mice

was sufficient to improve glucose tolerance, providing causal ev-

idence that changes in the gutmicrobiomeover the course of ther-

apy are relevant to disease (Figure 2C). These results appear to be

mediated, at least in part, by the direct effect of metformin on gut

bacterial gene expression (Wu et al., 2017); however,morework is

necessary to dissect the mechanisms through which metformin

shapes the microbiome and how the altered microbiome signals

to regulate host glucose homeostasis.

One of the major consequences of altering gut microbial com-

munity structure is to change the immune system, which is

responsive to a diverse array of microbial factors. We recently

tested the hypothesis that changes to the human gut micro-

biome in response to non-antibiotic drugs could potentiate

drug response by altering immune status (Nayak et al., 2019).

A combination of in vitro and ex vivo experiments revealed that

methotrexate (widely used for rheumatoid arthritis [RA]) signifi-

cantly alters gut bacterial growth and transcriptional activity

and had a bias toward inhibiting the growth of Bacteroidetes

over the other abundant members of the gut microbiome.

Dose-dependent methotrexate-induced changes in the gut mi-

crobiome were also observed in ‘‘humanized’’ mice—formerly

germ-free animals colonized with human stool samples from pa-

tients and healthy controls. These changes were robust to deliv-

ery method and dietary folate supplementation, of which metho-

trexate is an analog. Remarkably, longitudinal analyses of RA

patients revealed that the degree to which the microbiome was

altered by methotrexate was positively associated with drug ef-

ficacy, whereas transplantation of pre- and post-treatment stool

samples from one donor into germ-free mice provided initial ev-

idence that microbial shifts might contribute to drug response by

decreasing host pro-inflammatory responses such as activated

T cells and Th17 cells (Nayak et al., 2019).

As with the direct metabolism of drugs by host-associated mi-

croorganisms, it is likely that these two initial case studies are

just the first of many drug-microbiome interactions with conse-

quences for treatment outcomes. Importantly, the emerging

area of toxicomicrobiomics will be able to leverage the broader

findings within the microbiome field, as researchers across

many disease areas begin to better understand the mechanistic

links between the component species, genes, enzymes, andme-

tabolites within the human microbiome and host pathways rele-

vant to the treatment of disease (Figure 2A).
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Microbial Manipulation of Immunomodulatory Drug
Response
A well-studied and important area of microbiome research is the

intimate link between the microbiome and the host immune sys-

tem. Althoughmuch of this research is focused on the etiology or

predisposition to disease, it has recently become clear that these

host-microbiome interactions are also critically important for

response to immunomodulatory drugs.

Oncology has led the way in this area; in particular, three inde-

pendent landmark studies each linked differences in the gut mi-

crobiome to the efficacy of cancer immunotherapeutic PD-1

blockade (Gopalakrishnan et al., 2018; Matson et al., 2018; Routy

et al., 2018), despite different cohorts and disease contexts. Two

studies focused on skin cancer (melanoma) (Gopalakrishnan

et al., 2018;Matson et al., 2018), whereas the third studied a com-

bination of lung cancer (non-small-cell lung carcinoma) and kid-

ney cancer (renal cell carcinoma) (Routy et al., 2018). Analysis

of the gut microbiomes of responders and non-responders re-

vealed multiple bacteria associated with improved drug efficacy,

including Akkermansia muciniphila (Routy et al., 2018), Bifidobac-

terium longum (Matson et al., 2018), and F. prausnitzii (Gopalak-

rishnan et al., 2018). Transplantation of intact human gutmicrobial

communities (Gopalakrishnan et al., 2018; Matson et al., 2018;

Routy et al., 2018) or even specific strains ofA.muciniphila (Routy

et al., 2018) into mouse models of disease led to enhanced sys-

temic and anticancer immunity where A. muciniphila gavage

combined with anti-PD1 therapy resulted in an IL-12-dependent

accumulation of CCR9+CXCR3+CD4+ tumor infiltrating lympho-

cytes and corresponding decreases in tumor size (Figure 3B).

Together, these studies emphasize the ability for changes in gut

microbial community structure to affect drug efficacy even for or-

gans far removed from the gastrointestinal tract: i.e., skin, lung,

and kidney.

Multiple key questions remain: why did each study reveal

different bacterial biomarkers of drug response? Is this a reflec-

tion of differences in cohorts, cancer types, methodology, and/

or other factors? Are these host-microbiome interactions

unique to immune checkpoint blockade or more reflective of

the broader mechanisms through which the microbiome affects

host immunity? Consistent with the latter hypothesis,

F. prausnitzii has been implicated in inflammatory bowel dis-

ease (Sokol et al., 2008), A. muciniphila in metabolic syndrome

(Everard et al., 2013), and B. longum in autoimmune disease

(Srutkova et al., 2015). Even more perplexingly, why do these

three bacterial species that are typically associated with

decreased inflammation correlate with improved immuno-

therapy response, which is by definition enhanced immune ac-

tivity? Perhaps this is reflective of the context-dependent way

in which these host-microbiome interactions play out or is

due to strain-level differences in the microbial factors that alter

host immune function.

Outside of oncology, several studies have investigated the

effect of microbial metabolism on anti-inflammatory drugs. A

classic example is the activation of drugs by gut bacterial

metabolism, including the reduction of prodrugs such as sulfa-

salazine into their active metabolites (Spanogiannopoulos et al.,

2016). More recently, gut bacterial metabolism has been impli-

cated in the gastrointestinal toxicity of non-steroidal anti-in-

flammatory drugs (NSAIDs). A two-dimensional small intestinal
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Figure 3. Microbial Masters of Immunomodulatory Drugs
(A) Due to the complex interplay between the immune system and the
microbiota, there are many potential ways microbes could alter the ac-
tivity of immunomodulatory drugs. This includes immune manipulation by
the microbiota, drug-induced changes in microbial community structure
and function, drug-induced changes in immune function that feedback
to changes in the microbiome, and the direct microbial biotransformation
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cell culture assay linked NSAID-induced cytotoxicity to the un-

coupling of mitochondrial oxidative phosphorylation, increased

reactive oxygen species, and increased intestinal permeability

(Bhatt et al., 2018). Studies in mice suggest that bacterial b-glu-

curonidases are responsible for this toxicity due to their ability

to re-activate NSAIDs in the gut lumen after Phase II glucuroni-

dation in the liver (LoGuidice et al., 2012). Of note, structural

and biochemical analyses of diverse gut bacterial b-glucuroni-

dases revealed that efficiency of metabolism of the NSAID di-

clofenac glucuronide cannot be readily predicted from a

commonly used model substrate or the structure of the active

site (Biernat et al., 2019).

The gut microbiome might also play a role in coordinating the

response to biologic therapies by shaping immune function

(Ananthakrishnan et al., 2017). The distal gut microbiomes of in-

flammatory bowel disease (Crohn’s and ulcerative colitis) pa-

tients receiving anti-integrin therapy (vedolizumab) were

tracked prior to therapy. Crohn’s disease patients who

achieved remission exhibit higher baseline diversity, enrich-

ments for Roseburia inulinivorans and Burkholderiales sp.,

and enrichments for branched chain amino acid synthesis

pathways than non-responders. A neural network algorithm

could accurately predict drug response. Interestingly, this

approach did not generalize to ulcerative colitis; however, it

did perform well on a small cohort of patients given anti-tumor

necrosis factor. More work is necessary to expand this work to

larger cohorts across independent patient cohorts, institutions,

and countries to determine the degree to which themicrobiome

can accurately predict the response to immunomodula-

tory drugs.

The mechanisms underlying these microbiome biomarkers of

drug response still remain to be determined; are these effects

mediated by microbial immune manipulation, by microbial

metabolism of immunomodulatory drugs, or a more complex

cross-talk between the microbiota, immune system, and drugs

(Figure 3A)? Given the observation that multiple immunomodula-

tory drugs alter the growth of gut bacteria (Maier et al., 2018) and

the broad effects of different bacteria on immune responses

(Hooper et al., 2012), one could imagine a scenario where

these alterations act in synergy to promote a beneficial

response; for example, A. muciniphila and anti-PD1 immuno-

therapy (Figure 3B) or, alternatively, act in opposing manners

negating a response such as F. prausnitzii and tacrolimus

(Figure 3C). Approaches such as gnotobiotic studies and more

sophisticated systems for the in vitro co-culture of
of drugs, all of which could affect the activity of immunomodula-
tory drugs.
(B) During anti-PD-1 therapy, the inhibitory signal of PD-L1 from tumor cells is
blocked, allowing for enhanced anti-tumor response. However, the efficacy of
anti-PD-1 therapy depends on sufficient numbers of tumor-infiltrating lym-
phocytes (TILs). The composition of the microbiota can influence the quantity
of TILs, as demonstrated in recent work in which colonization with
A. muciniphila increases CCR9+CXCR3+CD4+ TILs in an IL-12-dependent
manner during anti-PD-1 treatment in mice.
(C) F. prausnitzii has been associated with anti-inflammatory responses through
the inhibition of NF-kB signaling via a microbial anti-inflammatory molecule.
Despite this association, patients on the immunosuppressant drug tacrolimus
who required dose escalation were found to have higher relative abundance of
F. prausnitzii than patients who did not require dose escalation. F. prausnitzii
metabolizes tacrolimus into a less active metabolite (M1), providing an example
of a bacterium that appears to have opposing effects on therapy.
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microorganisms with host tissues (Yissachar et al., 2017) could

aid in deconvoluting these complex interactions.

Toward Precise Modification of the Gut Microbiota
Building a complete encyclopedia of drug-microbiome interac-

tions will help us to understand the myriad ways in which host-

associated microorganisms can interact with molecules inside

the body, leading to downstream effects on the host. The next

logical question is whether and how we can translate this knowl-

edge to improve the treatment of disease. The idea of manipu-

lating the gut microbiota is certainly not new; however, current

strategies used in the clinic lack precision—they might effect

profound changes to the microbiome where smaller, defined

changes are desired. For example, antibiotics are often pre-

scribed for infections typically caused by a single organism

but can have far-reaching and long-lasting effects on the micro-

biota (Dethlefsen and Relman, 2011). In contrast, the more

recent development of highly selective antibacterials, for

example targeting only staphylococcal species (Yao et al.,

2016) or Clostridium difficile (Thorpe et al., 2018), compared to

broad-spectrum antibiotics, appears to limit collateral damage

to the microbiota.

Fecal microbiota transplantation (FMT) is another strategy that

introduces large changes by transferring a sample from a healthy

donor into the gut of a patient with a depleted or less diverse mi-

crobiota, as in the case of recurrent C. difficile infection (Khanna

et al., 2017; Weingarden et al., 2015). Stool samples from

different donors or even the same donor across time might

vary substantially, affecting the set of microorganisms being

transferred. Here too, efforts such as those to develop a defined

bacterial cocktail for use in treating C. difficile infection or other

gastrointestinal infections or disorders (Munoz et al., 2016; Pet-

rof et al., 2013) signifies progress toward increased standardiza-

tion, enabling improvements in precision and control as well as

the ability to assess possible limitations of a given therapeutic.

Advances in microbiome-targeted therapeutics and the current

challenges in the field have been reviewed previously (Mimee

et al., 2016). Here, we focus on several exciting examples of

recent work describing novel strategies for precise manipulation

that either leverage or directly target the gut microbiota, and we

group these strategies into four broad categories (Figure 4A): (1)

inhibiting metabolic activities carried out by gut bacterial en-

zymes; (2) removing specific bacterial species or strains; (3)

introducing or engrafting engineered strains into the gut; and

(4) directly genetically modifying bacterial cells that are present

within the gastrointestinal tract.

Microbial enzymes catalyzing undesirable reactions in the gut

can be viewed as ‘‘druggable’’ targets, toward which selective

and non-lethal enzyme inhibitors might be developed (Wallace

and Redinbo, 2013). Extensive work has been performed to

develop inhibitors against gut bacterial b-glucuronidases with

the goal of reducing the gastrointestinal toxicity of drugs used

for cancer, inflammation, and other indications (Biernat et al.,

2019; Wallace et al., 2015). To date, b-glucuronidase crystal

structures have been solved formembers of the Firmicutes, Bac-

teroidetes, and Proteobacterium phyla. Remarkably, although

the overall structure of these phylogenetically disparate homo-

logs is conserved, the analyzed enzymes differ in their catalytic

efficiency, substrate specificity, and sensitivity to inhibition. For
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example, an inhibitor against b-glucuronidases was found to

improve drug-induced toxicity in mice from bacterial reactivation

of the chemotherapeutic CPT-11 but was found to be effective

only for b-glucuronidases with a loop structure (Wallace et al.,

2015) (Figure 4B). These studies provide an important proof-of-

principle that a detailed molecular understanding of the key mi-

crobial biotransformations can enable the selective inhibition of

members of widespread protein families.

With the recent elucidation of multiple additional microbial

genes responsible for drug metabolism, the approach used for

b-glucuronidases is now poised to be expanded to disrupt a

broader suite of microbial enzymes that affect drug disposition

and side effect profiles. For example, the drug L-DOPA is meant

to be converted to dopamine after crossing the blood-brain bar-

rier; however, the conversion to dopamine can occur before

L-DOPA enters the central nervous system, through the action

of (1) human DOPA decarboxylase present in cells of the periph-

eral nervous system or (2) by bacterial tyrosine decarboxylases

found in the small intestine, the site of L-DOPA absorption (van

Kessel et al., 2019). Inhibitors of human DOPA decarboxylase,

such as carbidopa, can be co-administered with L-DOPA to

reduce its decarboxylation, but importantly, these inhibitors are

inactive against bacterial decarboxylases (van Kessel et al.,

2019). The cardiac drug digoxin is a promising target for inhibi-

tion because its reduction to dihydrodigoxin is catalyzed by an

enzyme that to date has only been found in one bacterial spe-

cies, E. lenta (Koppel et al., 2018). An obvious disadvantage to

this approach is that each of these new inhibitor compounds

would require its own drug development cycle as an adjuvant

therapy, a process that is both time-consuming and expensive.

One alternative might be to develop a broad-spectrum inhibi-

tor of a class of enzymes. Exciting progress toward this comes in

the form of activity-based probes, which are selectively reactive

molecules that act as substrates to become covalently bound to

an enzyme, enabling quantification of enzyme activity within a

complex mixture. Fluorescently tagged activity-based probes

can be used to label live cells, and this technique has been

applied in combination with fluorescence-activated cell sorting

(FACS) to identify active members of the gut microbiota with

b-glucuronidase activity (Whidbey et al., 2019), which coupled

to structural information (Wallace et al., 2015) could be used to

design broad spectrum inhibitors.

Alternatively, it might be possible to disrupt an entire class of

enzymes through interfering with essential cofactors. For

example, tungsten has been used to disrupt molybdenum-

cofactor-dependent enzymes that are used by members of the

family Enterobacteriaceae in anaerobic respiration. Usingmouse

models of colitis, oral tungsten treatment was found to reduce

inflammation by preventing the expansion of E. coli and other

Enterobacteriaceae in the gut (Zhu et al., 2018). Although tung-

sten has the potential to cause off-target effects because of

the generality of the molybdenum cofactor, tungsten did not

inhibit in vitro growth of Bacteroides and Clostridium strains,

did not impact butyrate production by the microbiota in vivo,

nor did it appear to affect the Enterobacteriacae in the absence

of inflammation.

Another approach to microbiome modification is to selectively

deplete strains with undesirable activities, such as those that

act on drugs to form toxic metabolites. One attractive avenue
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Figure 4. Strategies for Precision Engineering of Host-Associated Microbial Communities
(A) Methods to manipulate either the membership or activities of the gut microbiota can be broadly grouped into four categories: inhibiting microbiome-encoded
enzymes, depleting native members of the microbiota, adding new members that confer beneficial functions, or directly genetically modifying the existing mi-
crobiota through the addition or removal of genes.
(B) The prodrug CPT-11 is activated by host carboxylesterases (CEs) to active SN-38 and subsequently inactivated by host UDP-glucuronosyltransferase in the
liver to inactive SN-38G via addition of a glucuronidemoiety. SN-38G undergoes biliary excretion to theGI tract, where bacterial b-glucuronidases can liberate the
glucuronide, leading to reactivation of SN-38 and toxicity in the form of diarrhea. Treating mice with inhibitor 1 against b-glucuronidases is effective in alleviating
CPT-11-induced bloody diarrhea, but the inhibitor is only active against a subset of b-glucuronidase enzymes that have a specific loop structure (‘‘loop-positive’’).
(C) Phage FVPE25 lytic against Enterococcus faecalis v583 were administered orally to mice that were monocolonized with the same strain. Colonization by
E. faecalis was found to be transiently reduced compared with that in mice given a no-phage control, but phage exposure eventually led to the gut bacterial
population becoming phage-resistant, with E. faecalis isolates frommouse stool confirmed to have mutations in the membrane phage infection protein (PIP) that
confers resistance to FVPE25.
(D) Engineered for the treatment of phenylketonuria, SYNB1618 is a derivative of E. coliNissle carrying enzymes for the breakdown of phenylalanine (Phe): Phe is
converted to trans-cinnamate by phenylalanine ammonia lyase (PAL) or to phenylpyruvate by L-amino acid deaminase (LAAD). A mouse model of phenylke-
tonuria given SYNB1618 orally and challenged with an injection of Phe showed decreased levels of Phe in the serum compared with that of mice given the control
E. coli Nissle.
(E) An emerging strategy for manipulating the microbiome is to introduce genetic constructs directly into organisms colonizing the host. A recent study used
bacterial conjugation from an orally introduced E. coli donor to transfer a GFP marker to recipient gut bacteria. The E. coli donor was engineered to carry RFP on
the chromosome and GFP on a mobilizable plasmid, allowing GFP-only transconjugant bacteria to be distinguished from the donor by flow cytometry on mouse
fecal samples.
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is to utilize existing bacterial viruses (bacteriophages or phages)

to selectively remove bacterial members from the gut, akin to

the use of phage therapy against pathogens (Merril et al.,
2003; Kortright et al., 2019). Some argue that phages and their

bacterial hosts have evolved over time to have an ultimately

balanced relationship, allowing each to exist in nature, making
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phage-based therapeutics targeted at the gut microbiota chal-

lenging and complete eradication of species or strains unlikely.

Consistent with this idea, when phages isolated from waste-

water against the opportunistic pathogen E. faecalis were

administered via the drinking water to mice monocolonized

with E. faecalis (compared to control mice), there was a transient

and modest reduction in bacterial abundance followed by a

rise in colonization level because of the population becoming

phage-resistant; isolates of E. faecalis from mouse feces were

confirmed to carry mutations in the membrane phage infection

protein that confer resistance to phages (Duerkop et al., 2016)

(Figure 4C). On the other hand, there is some evidence support-

ing the idea that phages can modulate bacterial populations in

the gut. When germ-free mice colonized with a defined bacterial

community were given either a mixture of virus-like particles pu-

rified from feces (Reyes et al., 2013) or a small set of lytic phages,

each targeting a different bacterium (Hsu et al., 2019), the abun-

dance of targeted members decreased and phage abundance

correspondingly increased. This indicates that phages are

capable of knocking down levels of their bacterial targets in vivo,

at least transiently, and that cascading effects on bacterial

populations can occur when decreased abundance of one

member promotes or inhibits others. In another study indi-

cating that phages might be underappreciated in therapy, fecal

filtrate transplantation (containing no bacteria, in contrast with

FMT) successfully treated 5 patients with chronic relapsing

C. difficile infection (Ott et al., 2017). These studies suggest

that, despite the existence of bacterial defense mechanisms

against phage predation, phages might be exploited for modi-

fying the gut microbiota under some circumstances.

Instead of using phages in their natural form, another avenue

is to engineer them to be better or more specific bacterial killers

than nature has evolved (Kilcher and Loessner, 2019). For

example, the use of phages to deliver a CRISPR-Cas system

for sequence-specific killing of pathogens in an animal host

has been demonstrated: targeting the eae gene that encodes

a virulence factor in enterohemorrhagic E. coli by using a

Galleria mellonella larvae infection model (Citorik et al., 2014)

and targeting a kanamycin resistance gene present in only

one of two strains of Staphylococcus aureus by using a mouse

skin infection model (Bikard et al., 2014). It will be interesting to

see whether this strategy can be extended to members of the

gut microbiota for selective removal of strains encoding spe-

cific genes, (e.g., drug metabolism genes), particularly for bac-

teria that are present at high abundance in the gastrointes-

tinal tract.

In contrast to removing strains, there are efforts to introduce

engineered strains into the host as live bacterial therapeutics,

an application that is similar to the use of probiotics that are

meant to confer beneficial functions. Two recent studies

described engineering Escherichia coli to express genes that

could complement absent host functions in human metabolic

diseases caused by genetic mutations. The first study focused

on the disease phenylketonuria (PKU), a condition caused by a

defect in the human gene encoding phenylalanine hydroxylase,

leading to decreased metabolism of the amino acid phenylala-

nine, the accumulation of which can cause severe mental

disability. A strain called SYNB1618, derived from E. coli Nissle,

was constructed to express proteins involved in phenylalanine
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degradation, inducible both aerobically and under anaerobic

conditions, i.e., in the gut (Isabella et al., 2018). Using a mouse

model of PKU, researchers found that, compared to mice dosed

with the control strain Nissle, mice that were injected with

phenylalanine and orally dosed with SYNB1618 had on average

a 38% decrease in blood phenylalanine levels (Figure 4D). A

similar strategy was used in the second study to address host

enzyme defects leading to the condition hyperammonemia, in

which ammonia levels are elevated in the blood: another deriva-

tive of Nissle, SYNB1020, was engineered for high expression of

enzymes for the biosynthesis of arginine from ammonia (Kurtz

et al., 2019). First, the repressor of the arginine biosynthesis

operon was deleted; second, the first enzyme in the pathway

was replaced with a feedback-insensitive mutant and placed un-

der the control of the promoter induced in anaerobic conditions.

Together, these twomodifications enabled higher ammonia con-

sumption and arginine production than Nissle, and SYNB1020

was shown to lower levels of ammonia in the blood via two

different mouse models of hyperammonemia. These applica-

tions demonstrate the use of engineered strains for increasing in-

testinal amino acid degradation and biosynthesis but could be

naturally extended to other activities that provide a health benefit

to the host.

Both ‘‘synbiotic’’ strains, SYNB1618 and SYNB1020, were de-

signed to have auxotrophies (diaminopimelic acid and thymi-

dine, respectively) with the rationale that this would facilitate bio-

containment because the strains would be restricted in their

ability to replicate both inside and outside of the host where

exogenous sources of these nutrients required for growth are

low (Isabella et al., 2018; Kurtz et al., 2019). On the other hand,

if one wanted stable maintenance in the host, an introduced

strain would have to be competitive against those members of

the native microbiota that occupy a similar niche. Indeed, one

challenge for the development of novel microbiome-targeted

therapeutics is to understand engraftment. For example, the

SER-109 therapeutic developed by Seres, containing spores

prepared from batches of healthy donor stool samples, showed

promising results in a Phase 1 trial for patients with recurrent

C. difficile infection, achieving the primary end point of absence

of diarrhea andC.-difficile-positive stool during the 8 weeks after

treatment (Khanna et al., 2016); however, SER-109 performed

worse than anticipated in Phase 2, potentially due in part to chal-

lenges in achieving adequate engraftment (Henn et al., 2017;

Ratner, 2016).

Rather than relying on the inherent ability of ‘‘wild’’ strains to

colonize the gut, engraftment can be viewed as yet another char-

acteristic that is amenable to engineering or manipulation. This

was recently demonstrated by two different groups using a

similar strategy for engraftment: by providing mice with a diet

containing the polysaccharide porphyran (found in seaweed), it

was possible to engraft species that are naturally and exclusively

able to use this energy source, such as Bacteroides plebeius

(Kearney et al., 2018) or Bacteroides ovatus (Shepherd et al.,

2018), to high levels in the gut. Colonization levels were shown

to be tunable by controlling the amount of porphyran in the

diet; furthermore, the operon conferring the ability to use por-

phyran was engineered into two additional species for engraft-

ment, Bacteroides stercoris and Bacteroides thetaiotaomicron

(Shepherd et al., 2018). A caveat of this strategy is that it would
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likely be confined to nutrients that have limited utilization by

native members of the microbiota. For example, the higher prev-

alence of porphyran utilization genes in the gut microbiomes of

the Japanese population (Hehemann et al., 2010) might make

porphyran-mediated engraftment less feasible as a general

strategy among this group.

Other efforts to modify the gut microbiota indicate the move-

ment away from a strategy of introducing engineered strains to

that of directly genetically editing bacteria that are actively colo-

nizing the gastrointestinal tract. Such an approach has been

called in vivo or in situ engineering, referring to bacterial genetic

modification events that occur in the host rather than in the lab.

This approach was recently demonstrated using conjugation

from an E. coli donor to transfer a ‘‘genetic payload’’ to recipient

cells in the gut, detectable by green fluorescent protein (GFP)

expression and selectable by antibiotic resistance (Ronda

et al., 2019) (Figure 4E). The payload was delivered via libraries

of plasmids carrying origins of replication for maintenance in

diverse bacteria or carried on transposable elements for inser-

tion in recipient bacterial genomes. This is a powerful method to

introduce genetic constructs into the gut microbiota, although

in terms of control, strategies for biocontainment might be

more challenging than for single engineered strains, particularly

in the case of mobilizable and broad-host range replicative

plasmids that can undergo secondary transfer events should

recipient cells have endogenous DNA mobilization systems.

GFP-positive transconjugants were only detected in stool up

to a few days after oral delivery of an E. coli donor that was

not well-suited to colonizing the gut, but a few transconjugant

strains (Proteus mirabilis and Escherichia fergusonii, isolated

from feces after transfer) were shown to be able to mediate sec-

ondary transfer, and when used as donor strains themselves for

conjugation, were found to lengthen GFP-positive transconju-

gant persistence in the stool (Ronda et al., 2019).

In vivo microbiome engineering is an exciting prospect, and

these as well as strain engineering efforts will be supported by

the development of new genetic tools for manipulation of diverse

gut bacterial species (Heap et al., 2010; Lim et al., 2017; Mimee

et al., 2015). These and other genetic tools and approaches will
enable further progress toward precision modification of the gut

microbiota as well as molecular mechanistic investigation of the

effects that bacteria have on host health.

So Much to Do, So Little Time
Despite the remarkable progress in the emerging field of phar-

macomicrobiomics, our main takeaway so far is that the gap in

our scientific knowledge is immense, especially given the broad

implications of the studies discussed herein across multiple dis-

ease areas and traditional scientific disciplines. Moving forward,

it will be important to begin to address the general questions of

who, what, when, where, why, and how (Figure 5), with the

goal of developing a fundamental set of principles (or rules)

through which the microbiome affects the treatment of disease

that can be used to design more precise interventions.

Who? Although we now have a better sense for the key micro-

bial species involved in drug response, far more systematic ef-

forts are necessary. Better tools are needed to predict which

members of complex human gut microbiotas are involved in

drug pharmacokinetics and pharmacodynamics together with

improved methods for quantifying their absolute abundance

and activity in situ. As discussed above, the continued develop-

ment of chemical probes promises to enable the culture-inde-

pendent identification of microorganisms involved in specific re-

actions of interest, as recently demonstrated for bacteria that

express b-glucuronidases (Whidbey et al., 2019).

What and How? The current set of 108 drugs directly metab-

olized by human gut bacteria provide a strong foundation for a

deep dive into the underlying genetic, biochemical, and enzy-

matic mechanisms responsible. Just as these mechanistic

studies have provided trends and guiding principles for host

drug metabolism (Thorn et al., 2013), a similar commitment to

careful mechanistic studies of the microbiome will likely be infor-

mative. In parallel, ‘‘multi-omic’’ datasets that couple metage-

nomics, metatranscriptomics, metaproteomics, and metabolo-

mics will help to assess the relevance of the identified

mechanisms in the appropriate physiological context while

also providing new hypotheses for in-depth dissection.

Where? A major gap in our knowledge about the microbiome

relates to the physical niche in which host-microbiome interac-

tions and microbial biotransformations occur. Pioneering work

has begun to co-localize microbial species and metabolites

(Garg et al., 2017), paving the way toward similar studies that ac-

count for the precise location along the length and width of the

gastrointestinal tract and other body habitats. Contrary to the

long-standing dogma that the microbiome can only affect small

molecules in the distal gut, recent work on L-DOPA has provided

evidence that the microbiome can even affect the first-pass

metabolism of drugs that are rapidly absorbed within the small

intestine (van Kessel et al., 2019).

When? It is now clear that the microbiome and its interactions

with host pathophysiology are incredibly dynamic, requiring a

more concerted effort to determine the timescales at which

key processes are carried out. In the context of pharmacology,

it is critical to determine the acute effect of the microbiome on

pharmacokinetics (minutes to hours) while also considering the

dynamic nature of the microbiome over the course of therapy

(days to years). The same questions are important to consider

when assessing the lasting effects of non-antibiotic drugs on
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the gut microbiota after treatment is completed. This area of

study will provide opportunities to re-examine the mechanisms

responsible for changes in drug response over time; for example,

the widespread phenomenon of resistance to cancer chemo-

therapies.

Why? The final and perhaps most perplexing question relates

to the evolution of the direct and indirect role of the microbiome

in pharmacology. By definition, most drugs are xenobiotics, i.e.,

they are not normally found within the human body. How does an

enzyme evolve and get maintained in a microbial genome in the

absence of its substrate? A common explanation is promiscuous

enzymatic activity, wherein enzymes meant to target endoge-

nous substrates can also accommodate xenobiotics; however,

for some enzymes (like Cgr2) the endogenous substrate(s)

remain elusive (Koppel et al., 2018). Alternatively, these drug bio-

transformations might have evolved in a similar context to anti-

biotic resistancemechanisms, perhaps through ancient microbi-

al interactions and/or exposure to plant secondary metabolites.

On the surface, interactions with the immune system seemmore

obvious; however, it is perhaps surprising that multiple prevalent

bacteria efficiently boost immune response, which one might

expect to lead to their eradication.

If you’ve read this far, we would like to extend a warm invita-

tion to join in these efforts. The challenges are immense and our

knowledge so limited that it will take a community of collabora-

tive scientists across multiple traditional disciplines to maintain

forward momentum. Without a dramatic expansion in our

research efforts, it seems likely that the dream of therapies

based on a deep knowledge base and diverse toolkit for the

precise manipulation of the human microbiome will remain

just that.
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