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Abstract

Advances in pharmacomicrobiomics have shed light on the pathophysiology of drug-
induced enteropathy associated with the therapeutic use of certain non-steroidal
anti-inflammatory drugs, anticancer chemotherapies and immunosuppressants. The
toxicity pathway results from the post-glucuronidation release and digestive accumu-
lation of an aglycone generated in the context of intestinal dysbiosis characterized by
the expansion of B-glucuronidase-expressing bacteria. The active aglycone could trig-
ger direct or indirect inflammatory signaling on the gut epithelium. Therefore, taming
bacterial p-glucuronidase (GUS) activity is a druggable target for preventing drug-
induced enteropathy. In face of the limitations of antibiotic strategies that can worsen
intestinal dysbiosis and impair immune functions, we hereby propose the use of a
recombinant probiotic capable of mimicking repressive conditions of GUS through an

inducible plasmid vector.
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1 | INTRODUCTION

Pharmacomicrobiomics is an emerging field at the frontiers of phar-
macology, microbiology and genomics, which focuses on microbiome
impacts on drug disposition, action and toxicity.1 Advances in phar-
macomicrobiomics have shed light on the pathophysiology of several
gastrointestinal (Gl) diseases including inflammatory bowel diseases
and drug-induced enteropathy.? A common toxic pathway involving
enterohepatic recirculation and gut microbiome f-glucuronidase
(GUS) activity, has been described for Gl adverse effects and histo-
logical damages associated with the use of certain non-steroidal anti-

inflammatory drugs (e.g., diclofenac, indomethacin, ketoprofen),3'4

bacterial p-glucuronidase, drug-induced enteropathy, gut microbiome, intestinal dysbiosis,
pharmacomicrobiomics, recombinant probiotic

anticancer chemotherapies (e.g., irinotecan, regorafenib)>¢ and im-
munosuppressants (e.g., mycophenolate mofetil).” The therapeutic
use of these drugs is associated with intestinal dysbiosis character-
ized by the expansion of GUS-expressing bacteria.® This bacterial
enzyme is involved in the back-transformation of inactive glucu-
ronides produced in the liver and excreted in the Gl tract through
bile. Once excreted, they interact with the gut microbial community
where GUS hydrolyses them to their parent, or phase | metabolite,
forms.® The interplay between the gut microbiome and GUS activity
is crucial for Gl damages to show up. Therefore, GUS is a druggable
target and taming its activity is an option to prevent drug-induced

enteropathy. Several preventative and/or therapeutic approaches

Abbreviations: AGP, arabinogalacturonanes prebiotics; Gl, gastrointestinal; GUS, gut microbiome $-glucuronidase; GUSR, GUS repressor; MPA, mycophenolic acid;
NSAID, non-steroidal anti-inflammatory drugs; PBAD, arabinose operon promoter; RP, recombinant probiotic; UGTs, UDP-glucuronosyltransferases.
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targeting GUS are under evaluation.” Among them, the antibiotic

X BRITIS|
A S p E T PHARMACOLOGICAL
SOCIETY

approach intended to decrease the populations of GUS-expressing
bacteria, unfortunately promotes dysbiosis, favors short- and long-
term risks of opportunistic infection, impairs the beneficial effects
of the microbiota on the immune system homeostasis and increases
the risk of introducing drug resistance.”!° Despite the promising
results obtained in preclinical models for non-antibiotic small in-
hibitory molecules on specific GUS activity, the discovery and de-
velopment of these inhibitors are quite t:hallenging.("11 This can be
explained by the universal distribution of GUS in human gut micro-
biota, their varied substrate preference, and their distinct inhibition
properties.’?> We herein conceive a novel biotechnological approach
using recombinant probiotic mimicking repressive conditions of GUS

synthesis with an inducible plasmid vector.

2 | BACTERIAL B-GLUCURONIDASE, AS A
VALIDATED TARGET FOR DRUG-INDUCED
ENTEROPATHY

There is a vast diversity of GUS enzyme in the human gut microbi-
ome termed “GUSome” with importance in normal physiology and
disease through metabolism of endogenous (e.g., bilirubin, ster-
oid hormones, dopamine and serotonin) and/or exogenous (e.g.,
irinotecan, regorafenib, diclofenac, and morphine) compounds.12
These GUS catalyzes the production of glucuronic acid as an en-
ergy source for the Gl microbiota. Among GUS enzyme, those im-
plicated in glucuronides xenobiotic metabolization are encoded by
the GUS operon®® (Figure 1), mainly expressed by bacterial strains
of the Enterobacteriaceae family, like Escherichia coli (E. coli). The ex-
pansion of these strains is often associated with drug-induced en-
teropathy. In fact, studies have established the distinct substrate
preference of bacterial GUS, and have shown that the deconjuga-
tion of irinotecan, diclofenac or regorafenib was processed mainly
by E.coli GUS enzyme.®!2 Drug-induced enteropathy involved other
GUS-producing bacteria. These bacteria are members of the main
gut microbiota phyla, namely phylum Firmicutes (Clostridium per-
fringens, Ruminococcus gnavus, Streptococcus agalactiae), and phylum
Bacteroidetes (Bacteroides fragilis, Bacteroides uniformis, Bacteroides
dorei).*?

GUS activity can have deleterious consequences on the phar-
macokinetics and disposition of drugs.14 It can hydrolyse inactive
glucuronides generated by hepatic phase Il drug-metabolizing UDP-
glucuronosyltransferases (UGTs), releasing an active aglycone that
may accumulate in the Gl tract. This metabolic reversion also partici-
pates in the enterohepatic recirculation of some drugs and may acti-
vate directly or indirectly toxic signaling pathways. Many drugs with
varied chemical structures and belonging to different therapeutic
classes exhibit Gl tract toxicity mediated by GUS (Table 1). One per-
fect example of drug-induced enteropathy linked to GUS activity
is irinotecan (CPT-11), an anticancer drug whose efficacy is ham-
pered by Gl complications.® Another anticancer drug, regorafenib,
also exhibits similar Gl toxicity due to GUS activity.> GUS also plays

a crucial role in the multi-step pathogenesis of non-steroidal anti-
inflammatory drugs (NSAID)-induced enteropathy reported for di-
clofenac, ketoprofen and indomethacin.* Interestingly, these Gl
adverse effects may be alleviated by GUS inhibitors.>**'> More
recently, mycophenolic acid (MPA), a widely used immunosuppres-
sant, frequently induces severe Gl adverse effects that have been
linked to intestinal dysbiosis and expansion of GUS expressing bac-
teria. This shift in bacterial population leads to increased intestinal
GUS activity and favors the MPA-enterohepatic cycle, thus releasing
significant amounts of MPA in the intestine, responsible for the dam-
ages observed in patients.”

latrogenic diseases associated with GUS activity in the Gl tract
represent a major drawback concern on the road to precision phar-
macotherapy. It is worth mentioning that repression of GUS activity
in ¢ be considered due to their physiological role (e.g., dopamine, se-
rotonin, bilirubin, steroid hormone reactivation).*? Therefore, tam-
ing GUS activity is a promising therapeutic option for preventing or
reversing drug-induced Gl adverse effects and improving patients'

adherence to treatment and quality of life.

3 | CURRENT THERAPEUTIC STRATEGIES

The inflammation and digestive symptoms (nausea, vomiting, diar-
rhea, abdominal pain) observed in drug-induced enteropathy are
combinations of multifactorial damages. In line with the pathophysi-
ology of drug-induced enteropathy involving GUS, different strate-
gies could be considered (Figure 2). One of these strategies could
involve the elimination of harmful bacteria by using antibiotics, while
others could reduce hepatic production of glucuronides and/or block
bacteria GUS activity with non-antibiotics small inhibitory molecules.

The antibiotic strategy which aims to eliminate GUS-expressing
bacteria has shown beneficial effects in various cases of drug-induced
enteropathy.’’ For instance, the gut microbiome is crucial for MPA-
induced enteropathy to show up in a preclinical model*® and a cocktail
of broad-spectrum antibiotics or vancomycin alleviates Gl damages
and significantly reverses MPA-induced weight loss and colonic in-
flammation.” In another preclinical model, irinotecan-treated rats
given antibiotics (e.g., penicillin and streptomycin) showed significant
less diarrhea symptoms and caecal histological damage.19 Although
eliminating GUS-expressing bacterial strains with antibiotics is effec-
tive and fairly easy to implement, this is an arguable strategy since the
benefit can only be short-term due to the lack of specificity. Actually,
chronic use of antibiotics cannot be considered due to the major risk
of devastation and functional impairement (e.g., alteration of short-
chain fatty acids production) of the Gl tract microbiome, the risk of
subsequent impairment of the immune system homeostasis,° not to
mention the risk of introducing drug resistance.?°

A non-antibiotic strategy is possible through the use of se-
lective GUS inhibitors, such as some piperazine (e.g., amoxapine,
palbociclib, vortioxetine) and piperidine (e.g., crizotinib) contain-
ing compounds‘21 In pre-clinical models of irinotecan-induced en-

teropathy, these selective GUS inhibitors successfully prevented
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FIGURE 1 Schematic representation of the GUS operon. (A) GUS operon repression by the Glucuronide Repressor (GUSR); (B) GUS
operon expression in the presence of a glucuronide ligand (e.g., non-steroidal anti-inflammatory drugs, anticancer chemotherapies,
immunosuppressants). GUSR encoded by uidR is dissociated from the operator allowing the transcription of the proteins encoded

by the GUS operon composed of the uidA, uidB, and uidC genes. uidA encodes the GUS enzyme, uidB a H"-symporter located in the
inner membrane and uidC a permease expressed in the outer membrane. uidB and uidC regulate the glucuronide-inducible transport of

glucuronides. Illustration created with BioRender.com.
TABLE 1 Drug-induced enteropathy driven by GUS activity.

Therapeutic compounds Therapeutic classes

Irinotecan (CPT-11) Anticancer
Regorafenib

Indomethacin NSAIDs

Ketoprofen

Diclofenac

Mycophenolate mofetil Immunosuppressant

Gl symptoms

Severe diarrhea, intestinal perforation,
bleeding ulcers

Bleeding ulcers, gastric or intestinal
perforations

Ulceration, severe diarrhea, colonic

Key references
Bhatt et al., 2020°
Erwin et al., 2019°
Saitta et al., 2014°

Saitta et al., 2014; Zhong et al.,2016**°
Taylor et al., 20197

inflammation

Gl toxicity without affecting the drug pharmacokinetics. However,
the identification and development of these inhibitors is still chal-
lenging due to some limitations (e.g., a universal distribution of GUS
in human gut microbiota, varied substrate preference, and distinct
inhibition properties).®!! There is not any pan-GUS small inhibitor
identified yet. Therefore, for precision medicine purposes, we pro-
pose a strategy to tame specific bacterial GUS involved in drug-
induced enteropathy. Our strategy relies on the fact that, there are
different bacterial GUS implicated into exogenous and endogenous
compounds metabolism.'? Furthermore, it is worth mentioning that

monitoring of GUS activity in currently treated patients could rep-
resent a valuable diagnostic tool for identifying early-risk patients,

as recently suggested for irinotecan therapy.22

4 | CONCEPTION OF A RECOMBINANT
PROBIOTIC TO TAME GUS ACTIVITY

We propose a novel biotechnological strategy specifically tar-
geting the GUS with operon regulation mechanism. It requires
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developing a recombinant E. coli probiotic (RP) capable of mimick-
ing the conditions of GUS repression by means of a plasmid vec-
tor encoding the specific GUS repressor (GUSR). More precisely,
the vector contained in the RP would be composed of the uidR
gene, under the dependence of the inducible arabinose operon
promoter (Pg,p). The plasmid vector expression would be modu-
lated by supplying arabinogalacturonanes prebiotics (AGP). As a
result, the transcription of uidA, the gene encoding GUS, would
be downregulated by promoting the binding of GUSR to GUS op-
eron (Figure 3). In a similar context, an E. coli Nissle 1917 probiotic-
associated therapeutic has been developed as a gastric pad to
prevent chronic inflammatory bowel disease.?® Our aim is to take
advantage of this strategy to maintain a non-iatrogenic microbiota
in patients. The main challenge is to downregulate GUS without
favoring other, more pathogenic or antibiotic-resistant, bacterial
strains.

Therefore, these specifications drove us to design our RP strat-
egy through three main approaches. A first, proof-of-concept, in
vitro experiment would determine the most effective and viable
system for reducing GUS expression. A second, ex vivo study would
test the most relevant RP in a holistic system, such as an artificial
microbiota. Finally, its protective effects against drug-induced

enteropathy would be evaluated in vivo, in a murine model grafted

with a human-associated microbiome.

4.1 | Proof-of-concept experiments

During this step, the most relevant inducer/probiotic combination
with significant inhibition of GUS activity will be selected and ori-
ented by pharmacological perspectives (e.g., influence on drug me-
tabolism and disposition). This repression of GUS is possible owing
to the non-essential role of this enzyme, since uidA mutations would
not affect bacterial survival.?* When implementing this approach,
huge attention will be paid to the safety parameters regarding viru-
lence, pathogenicity, and antibiotic resistance.

For this purpose, the bacterial strain must be carefully chosen as
some commensal E. coli strains used for probiotic applications are sub-
ject to virulence. Eight main phylogenetic commensal groups in E. coli
(A,B1,B2,C, D, E,F, ) have been identified. Among them, the B2 group
is the most diverse but its members present huge virulence proper-
ties. It has been shown that E. coli Nissle 1917, a member of this B2
group with well-documented probiotic effects, produces the colibactin
toxin responsible for double-stranded breaks in the DNA associated
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FIGURE 3 Proposed mechanism for taming GUS activity. After colonization of the Gl tract, RP will express GUS repressor (GUSR). This
production will be induced by either the intake of arabinogalacturonane prebiotics (AGP) or an arabinose-rich diet (e.g., apple, beetroot, rice).
This will lead to the repression of the GUS operon and the decrease in GUS activity. lllustration created with BioRender.com.

with chromosomal abnormalities in intestinal epithelial cells.?>26

In contrast, E. coli K-12 MG1655 (from the phylogroup A) and E. coli
CEC15 (from the phylogroup C) have shown beneficial effects on the
intestinal microenvironment homeostasis. The K-12 strain has been
associated with improved intestinal epithelium integrity (evaluated
through occludin expression).?” The CEC15 strain has been involved
in colonic epithelium remodeling by promoting mucus production and
jonic movements.?® As a matter of fact, these properties could be syn-
ergistic with our RP beneficial effect in patients prone to Gl toxicity.
An auxotrophic cassette (e.g., glycine A, lysine) could be an-
other option for the RP selection, so as to limit dissemination of
antibiotic-resistance genes through conjugative transfers.?’ This
implies that the candidate strain should be mono-auxotrophic
for the selected amino acid. The selection is performed through
the functional complementation provided by the plasmid vector.
Besides, the plasmid should be non-episomal to avoid modifications
in the bacterial genome, which could generate off-target effects.
A reporter gene such as luciferase could be implemented into the
vector to monitor the inserted uidR expression. GUS activity could
also be assessed using a chromogenic (e.g., 4-nitrophenyl $-D-
glucuronide) or fluorescent (e.g., fluorescein-di-p-D-glucuronide)
glucuronide substrate!” to get a first insight into the efficiency of
this system in isolated conditions or in the presence of a relatively
complex bacterial community. Co-cultures in oxygen-deprived
conditions to mimic anaerobic conditions of the human intestine
with either Freiter's chambers (using gas mixtures), jars or plastic
pouch (using chemical catalysts) or an intestine-on-chip system®©

could be used to investigate the interplay between the RP and

commensal gut bacteria.

4.2 | Validation in artificial microbiota

The effectiveness of the selected inducer/RP combination could be
assessed ex vivo, in a more complex environment close to the actual
gut microbiota. An artificial microbiota could be used to investigate
the evolution of this system and its adaptation to the Gl tract environ-
ment.®! Indeed, it is important to consider the interaction of this re-
combinant system with endogenous bacteria able to coordinate their
collective behavior within their transcriptional niche, by means of quo-
rum sensing.32 The quorum sensing system allows cell maintenance,
biofilm formation and horizontal gene transfer through the expression
of various proteins mediated by high bacterial density.*® For example,
there are some protease (alkaline protease), lipase (LipA) and adhesin
(LapA) proteins that are expressed in the context of quorum sensing.*
The most common quorum sensing signals are N-acyl homoserine
lactones in Gram-negative bacteria.®® In this sense, knowledge as-
sociated with quorum sensing signals termed microbial languages for
intraspecies (auto-inducing peptides, cholera inducer, photopyrones)
and interspecies (autoinducer, indole) could be exploited to engineer
the artificial microbiota around the RP.%¢ In this context, meta-analyses
based on RNA-seq coupled with functional enrichment analyses could
provide information about the impact of the RP on differential expres-
sion of microbial genes and on gut homeostasis.
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Evaluation in a preclinical model

The safety of the system will be evaluated and pharmacokinetic inter-
actions explored in a drug-induced enteropathy murine model with
human-associated microbiome. In this sense, it would be of great in-
terest to screen the causal drug metabolites and their involvement
in the enterohepatic recirculation. Based on our expertise in MPA

metabolism,%’

we could perform untargeted determination of MPA
metabolites in fecal and blood samples from treated mice. In addi-
tion, oral administration of a fluorescent glucuronide would help to
evaluate the efficiency of the system after induction of uidR expres-
sion in mice.” All these preliminary data would help us to determine
the optimal RP dosing regimen and its effectiveness in preventing

drug toxicity.

5 | CONCLUSION

Recent advances in pharmacomicrobiomics have clearly estab-
lished the gut microbiome as a “metabolic organ” involved in drug
biotransformation and have shed light on the pathophysiology of
drug-induced enteropathy driven by GUS activity. Therefore, tar-
geting GUS could prevent or suppress severe Gl toxicity and im-
prove patient adherence to treatment. Due to the limitations and/
or adverse effects of the chronic use of antibiotics, new, innovative
and effective therapy is needed. Moreover, regarding the universal
distribution of GUS in human gut microbiota, the varied substrate
preference, and the distinct inhibition properties, the development
of small inhibitory molecules capable of targeting GUS is quite chal-
lenging. Recombinant probiotics with GUS repressor activity owing
to the insertion of a plasmid vector would offer great perspectives.
The expected benefits could probably be observed only in early
symptomatic patients with intestinal dysbiosis, as there is no rea-
son to conceptually believe that AGP would lead to such successful
competition away from microbes that are responding to dozens of
glucuronidated endogenous and xenobiotics in intestinal normo-
biosis. However, our RP could efficiently alleviate damages asso-
ciated with intestinal dysbiosis. Furthermore, GUS activity could
serve as a predictive biomarker to early identify patients at risk
of developing drug-induced enteropathy. In addition, it will be of
interest to identify for each glucuronidated xenobiotics the pre-
dominant GUS involved in its deconjugation in order to adapt the
design of the RP.

6 | NOMENCLATURE OF TARGETS AND
LIGANDS

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,® and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%
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