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1 | INTRODUCTION

| Diego A. Orellana'?

Summary

Autoimmune (or rheumatic) diseases are increasing in prevalence but selecting the best
therapy for each patient proceeds in trial-and-error fashion. This strategy can lead to
ineffective therapy resulting in irreversible damage and suffering; thus, there is a need
to bring the promise of precision medicine to patients with autoimmune disease. While
host factors partially determine the therapeutic response to immunosuppressive drugs,
these are not routinely used to tailor therapy. Thus, non-host factors likely contribute.
Here, we consider the impact of the human gut microbiome in the treatment of autoim-
munity. We propose that the gut microbiome can be manipulated to improve therapy
and to derive greater benefit from existing therapies. We focus on the mechanisms by
which the human gut microbiome impacts treatment response, provide a framework
to interrogate these mechanisms, review a case study of a widely-used anti-rheumatic
drug, and discuss challenges with studying multiple complex systems: the microbiome,
the human immune system, and autoimmune disease. We consider open questions that
remain in the field and speculate on the future of drug-microbiome-autoimmune dis-
ease interactions. Finally, we present a blue-sky vision for how the microbiome can be

used to bring the promise of precision medicine to patients with rheumatic disease.

KEYWORDS
autoimmunity, drug-microbiota interactions, host-microbe interactions, microbiome,
pharmacomicrobiomics

microbial and xenobiotic perturbations, the gut microbiota pro-

The trillions of microbes living in and on us produce a dizzying
array of metabolites and proteins that our immune system can-
not ignore. These microbial communities, or microbiota, include
bacteria, viruses, archaea, and fungi. The gut microbiome, which
consists of these microbes and their collective genomes living in
the gut, encodes 150-fold more genes than the human genome
and harbors a vast metabolic repertoire that extends the capabil-
ities of the host genome.! Because gut microbial communities are

shaped by many factors? and are often the “first responders” to

vides a rich source of information to the host. This information is
used to calibrate multiple organ systems,® including the immune
system.* Thus, the human microbiome exerts a sustained and
powerful impact on the host immune system from the moment
we are born.? These diverse microbes are with us in sickness and
in health, including autoimmunity. While much of our current re-
search in microbiome studies has sought to characterize healthy
individuals,® increasing focus has been directed toward disease.”
However, the exact mechanisms by which microbes impact the

host, and vice versa, are still being elucidated. The role microbes
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play in autoimmunity is multifactorial and manifests as an emer-
gent property of multiple metabolic pathways, both host and
microbial. Given this complex ecosystem that spans multiple phy-
logenetic kingdoms, studies of the microbiome-host interactions
will take us into a vast unknown with the potential for uncovering
novel mechanisms in biology and autoimmunity.

Here, we consider the impact of the human gut microbiome in
the treatment of rheumatic disease. Others have reviewed the im-
pact of the microbiome on disease pathogenesis in multiple autoim-
mune conditions.®™*® Here, we focus on treatment and argue that the
gut microbiome can be manipulated to improve therapy for patients
with rheumatic disease and to derive greater benefit from existing
therapies. In this review, we will focus on the mechanisms by which
the human gut microbiome impacts treatment response, provide a
framework to interrogate these mechanisms, dive into a case study
of a widely used antirheumatic drug (methotrexate), and review the
challenges with studying a triumvirate of complex systems, each
with many “unknowns”: the microbiome, the human immune system,
and clinical rheumatology.

Autoimmune (also called rheumatic) diseases such as rheumatoid
arthritis, systemic lupus erythematosus, and spondyloarthritis, af-
fect over 3% of the American'* and global population,’® with recent
estimates suggesting that as many as 8% of the US population is liv-
ing with autoimmune disease.!® Alarmingly, recent indicators sug-
gest that autoimmune disease is on the rise, prompting US scientific
institutions like the National Institutes of Health (NIH) to launch the
Office of Autoimmune Disease Research in 2021." These chronic
diseases result in significant financial costs to patients and reduced
economic gross domestic product. Further, autoimmune diseases
cause irreversible joint and organ damage if patients are not expe-
ditiously diagnosed and treated. Because there is a “window of op-
portunity” for treatment, it is imperative to find the right therapy for
each patient at the time of diagnosis.

However, selecting immune-suppressing therapies generally
proceeds in trial-and-error fashion. This is due to an “embar-
rassment of riches”: patients now have many more options for
treatment because of advances in molecular medicine and phar-
macology. Over a short timespan (e.g., 40years), there has been
an explosion of biologic therapies, including those that target-
specific molecules in the host immune system.18 This has led to
multiple options for patients and providers alike. But guidance on
choosing a specific therapy is limited. Thus, to ensure that limited
financial resources are distributed effectively, funders of therapy
(i.e., insurance companies, Medicare, Medicaid, and sometimes
patients themselves) require less expensive therapies to be tried
first.

While this strategy may reduce overall cost by using cost-
effective therapies initially, it causes some patients to be initiated
on ineffective therapy, thereby resulting in irreversible damage and
suffering. Thus, there is a need to identify, at the time of diagnosis,
which therapies will be effective or ineffective for a particular pa-
tient. In essence, there is a need to bring the promise of precision
medicine to patients with rheumatic disease.

Many investigators have looked to patient characteristics, par-
ticularly those that are modifiable, to identify host factors that de-
termine therapeutic response.19 In the case of the common disease
rheumatoid arthritis (RA), host factors such as genetics, age, disease
duration, and extent of damage at the time of therapy, and smoking
are all factors that may influence treatment response to the first-line
therapy called methotrexate (MTX). Patients themselves often in-
quire whether timing of therapy (e.g., “Should | take the medicine at
night or in the morning?”), ingestion with food, and diet may impact
treatment response. While providers give guidance, we lack strong
predictors of therapeutic response that are based on host-associated
factors alone. Thus, non-host factors likely contribute, which is why
in recent years, our group and others have turned their attention to
the impact of the microbiome on treatment of autoimmunity.

Technology paves the way for discovery, allowing us to approach
an old question with a new lens. While many of the current drugs
used to treat autoimmunity were developed over 50years ago, at
a time when drug targets were not known,?° we are now equipped
with vastly improved tools and technologies to study the human gut
microbiome. These tools allow us to understand the impact of drugs
on microbes, to better define the transformations these microbes
carry out on drugs, and to better test host-drug-microbiota inter-
actions in vivo. Because of advances in tools and technologies, we
can revisit past studies with a new perspective that focuses on the
microbiota and how it shapes treatment response to autoimmune

disease.

2 | THE MICROBIOME IN THE
TREATMENT OF DISEASE

The gut microbiota shapes host physiology, and therefore is a prime
candidate for impacting therapeutic outcomes. Indeed, gut micro-
biota help us harness energy from the foods we eat, synthesize es-
sential vitamins, and produce metabolites that are critical for the
development of the host immune system.?! Microbial metabolites
may act at sites beyond the intestinal tract, influencing host neu-
rodevelopment and cardiovascular and renal health.?? However,
many of the metabolic activities of our gut microbiota remain to be
discovered, and ~50% of bacterial genes are of unknown function,
representing the “dark matter” of the gut microbiome.??

The composition and function of the gut microbiome is highly
personalized, leading researchers to postulate that variation in the
gut microbiome contributes to variation in host phenotypes, in-
cluding treatment response.24 The gut microbiota is dynamic and
responsive to multiple factors, including diet and antibiotics.?*
But nonantibiotic host-targeted drugs can have off-target ef-
fects on the microbiota, as demonstrated in a study showing that
>200 drugs affect microbial growth in vitro.?> Additionally, the
microbiota can metabolize a significant number of host-targeted
drugs.2“"29

Evidence from multiple clinical disciplines suggest that, in
addition to host and environmental factors, the gut microbiota
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FIGURE 1 Variation in patient response to therapies is

governed by multiple factors. These include genetics, modifiable
environmental factors (like smoking and diet), immune activation

at the time of drug initiation, and concurrent therapies. Emerging
evidence implicates the human gut microbiome (right side) is also a
determinant of patient response to therapies and thus an important
consideration in efforts to advance precision medicine.

contributes to treatment outcomes in patients (Figure 1). A no-
table example comes from the field of Endocrinology. Metformin
is an antidiabetic drug that exerts, in part, its antidiabetic effects
through the gut microbiota. In a double-blind, randomized con-
trolled trial, 18-22 patients with type 2 diabetes were treated
with either metformin or placebo for 4 months.*° Fecal and plasma
samples were collected at 0, 2, and 4 months of treatment. The mi-
crobiota of metformin-treated patients was altered relative to pla-
cebo controls at 2 and 4 months, suggesting that metformin acts
on the gut microbiome. Further, the researchers performed a fecal
microbiota transplant (FMT) of microbial communities from pa-
tients into gnotobiotic mice. Compared to mice transplanted with
placebo-exposed microbial communities, mice with metformin-
exposed microbial communities had improved glucose tolerance.
These results supported the hypothesis that metformin-induced
changes to the gut microbiota led to antidiabetic effects in the
host. Subsequent studies in mice revealed multiple underlying
mechanisms®? by which metformin acts on the microbiota to exert
antidiabetic effects, which are comprehensively summarized in a
recent review.%?

The field of oncology provides additional examples showing
that gut microbes influence treatment outcomes.®® Observational
cohort studies in humans have shown that pretreatment microbial
community composition and function is associated with cancer
therapy response, and studies in mice have suggested that mi-
crobes contribute to drug outcomes.>* 3¢ In three back-to-back
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papers in 2018, multiple investigators showed that the gut micro-
biome differed in patients that responded to checkpoint block-

ade with anti-PD1.347%¢ patients with melanoma (N=53 in one

),3%3¢ non-small cell lung cancer

)34

study and N=42 in a second study
(N=60), or renal cell carcinoma (n=40)>" were studied. Between
~40% and 50% of patient responded to therapy in each study. All
three groups found that clinical response to PD1 blockade was
associated with pretreatment microbial composition and function.
For example, Routy et al.>* showed that non-small cell lung cancer
patients (N=140) and renal cell carcinoma patients (N=67) given
antibiotics in the months preceding or shortly after the first dose
of checkpoint blockade therapy (with anti PD-1) had worse over-
all survival than those not receiving antibiotics. In mouse studies,
the investigators found that broad-spectrum antibiotics worsened
survival in mice bearing melanoma and sarcoma tumors. Further,
after assessing the microbial communities of responder versus
nonresponder patients with either non-small cell lung cancer or
renal cell carcinoma (N=42 responders and N=36 nonrespond-
ers), they found that microbial taxa differed between responders
and nonresponders prior to treatment. Multiple taxa differed, but
one prominent taxon that was replicated in additional patient co-
horts was Akkermansia muciniphila, which was enriched in respond-
ers. FMT of responder microbial communities into mice bearing
tumors resulted in better outcomes to PD-1 blockade, which was
not seen when mice were transplanted with communities from
nonresponders. Further, oral gavage with A.muciniphila conferred
improved response to PD1 blockade in germ-free mice and mice
colonized with fecal microbial communities from nonresponders.
These studies, in which specific modulation of the microbiota in
animal models mediated improved efficacy, demonstrate that the
microbiota contributes to treatment response in these models.

While these initial results are exciting, more remains to be un-
covered, including deciphering and targeting the underlying micro-
bial mechanisms. In the aforementioned cancer studies, all three
groups went on to find specific taxa that were implicated in survival
in patients or in response in murine studies. Interestingly, among
the three studies, no common taxa or microbial pathways were
identified that might suggest a universal mechanism that could be
leveraged clinically. The microbial effectors of treatment response
remain to be determined. On the host side, the immune mechanisms
associated with microbial modulation of anti-PD1 efficacy remained
to be elucidated, though increased immune cell infiltration into tu-
mors by CD8™ T cells, CD4" T cells, and innate immune cells were
reported. Some initial small clinical trials suggest that modulating the
microbiome might be effective in patients.37’38 Larger clinical trials
are ongoing to determine whether microbiome-directed therapies
in patients may improve checkpoint blockade efficacy.>”*° Thus, in
these examples within endocrinology and oncology, gut microbes
shape response by acting on host molecular pathways implicated in
metabolism or immunity.

In the next section, we review the different methodologies em-
ployed to study the effect of the microbiome on drug therapy and
tools to decipher underlying mechanisms.
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3 | DEVELOPMENT OF TOOLS TO STUDY
THE IMPACT OF THE MICROBIOME ON THE
TREATMENT OF RHEUMATIC DISEASE

Advances in technologies have enabled a higher resolution under-
standing of the diversity and functionality of gut microbial com-
munities. These advances include next-generation sequencing,
high-resolution analytical chemistry platforms, expanded microbial
catalogues, bioinformatic tools, and the refinement of “culturomics”
(Figure 2). Below, we review these key advances, offering limita-
tions and strengths of each, and highlighting how a combination of
orthogonal approaches is needed to understand the impact of the

microbiota on treatment outcomes in autoimmunity.

3.1 | Culture-dependent techniques
3.1.1 | Microbial culture

Historically, microbiologists studied microbes using “culture-based”
techniques; we could only study organisms that we could grow in
a petri dish. Successful in vitro growth enabled further careful
and laborious study of the physiological and biochemical proper-
ties of microbes: colony morphologies, gram staining, nutritional

(A) (B)

requirements, biochemical reactions mediated by the microbes,
among other properties. It is remarkable to remember that the iden-
tity of microbes was based on a constellation of these properties,
whereas today, species identity is largely based on nucleotide se-
quencing (of one or more genomic regions or by whole-genome se-
quencing). Once microbes were cultured and identified in vitro, the
direct effects of drugs, nutrients, and vitamins on microbial growth
and physiology could be characterized. Further, lysates from bacte-
ria could be used to characterize drug-protein interactions.** Thus,
a key strength of in vitro microbiology model systems is that they
show that drugs can act directly on microbes or interact with micro-
bial proteins.

3.1.2 | Gnotobiotic animals

A key limitation of in vitro experimental systems is that they do
not shed light on drug-microbiota interactions in vivo; for this,
gnotobiotic animal model systems are used. Gnotobiology is
the study of animals colonized with defined communities of mi-
crobes. Gnotobiotic animals are re-derived in germ-free conditions.
Rederivation involves a complex breeding and fostering workflow.*?
Because germ-free animals are vulnerable to colonization, utmost
care is required when food, supplies, and waste are moved into and

Microbes

16S sequencing

Experimental

techniques
Components
probed 16S rRNA genes
Questions Who is there?
answered

Gnotobiotic mice

l l l l

Shotgun . ; .
sequencing RNA sequencing Proteomics Metabolomics
Ann B
genomes RNA proteins metabolites
What are they What are they What proteins What are they
capable of doing? are they doing
doing? producing? metabolically?

FIGURE 2 Advances in culture-dependent and culture-independent techniques have accelerated microbiome research. (A) Historically,
knowledge of microbes was limited to those that we could culture (culture-dependent techniques). Once microbes were cultured in vitro
(top), they could be introduced into gnotobiotic animals to investigate host-microbe interactions (bottom). (B) Advances in sequencing and
analytical chemistry platforms have accelerated our knowledge of the human gut microbiome. Next-generation sequencing technologies
have enabled cost-effective, culture-independent methods to determine the identity of microbes present in gut samples, the genes they
bring with them, and whether these genes are transcribed. Advanced analytical chemistry platforms such as MALDI-TOF and LC-MS have
enabled identification of the proteins and small molecule metabolites that microbes produced. NMR technologies can be used to validate
the identity of novel compounds. 16S, 16S ribosomal RNA gene sequencing; MALDI-TOF, matrix-assisted laser desorption ionization-time of
flight; LC-MS, liquid chromatography mass spectrometry; NMR, nuclear magnetic resonance.
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out of the isolators. Thus, maintenance of germ-free animals is time-
intensive, laborious, and expensive. Given this, gnotobiotic facilities
are an uncommon and precious resource across research institu-
tions. Gnotobiotic studies are indispensable for understanding the
contribution of the microbiome to the treatment of autoimmune
disease. Gnotobiotic animals enable us to test how drugs impact
the human gut microbiota in vivo under controlled settings, which
is difficult to do in humans. While similar studies can be carried out
in conventional mouse facilities, the mouse microbiome differs sig-
nificantly from the human, and strains that are found in mice are
absent in humans. Importantly, a key strength of gnotobiotic studies
is that they uniquely enable us to decipher how specific microbes
and their genes, proteins, or metabolites directly contribute to drug
pharmacology in vivo or how drugs reconfigure microbial communi-
ties in vivo to shape host immunity.

Rederiving animals in germ-free conditions enables us to deter-
mine whether the microbiome is required for a phenotype of inter-
est. For example, is the commensal microbiome essential for life?
Given that germ-free animals can be rederived and raised to old age,
even exceeding the lifespan of colonized counterparts,*® the com-
mensal microbiome is not essential in the same way that many of our
human genes are. However, germ-free animals are not normal. They
are deficient in multiple ways compared to their colonized counter-
parts. They weigh less, tend to exhibit more anxiety and hyperactiv-
ity, and are more susceptible to infections.?! The immune system of
germ-free mice is dramatically impacted, with lower numbers of B
cells, smaller Peyer's patches, fewer macrophages, and lower levels
of antibodies.*** Further, the blood and organs of colonized mice
are awash in microbiota-produced metabolites, many of which are
absent in germ-free mice.>*¢*” These small molecule metabolites
bind receptors on immune cells and modulate host immunity.*® This
interaction between metabolites and the host immune system is
just one of multiple mechanisms by which gut microbes shape host
immunity (see Section 3.2). These findings suggest that while a mi-
crobiome is not essential for survival, microbes and the genes they
encode are functionally important to the host and extend the capa-
bilities of the host genome.

Beyond assessing the qualitative impact of microbiota on host
phenotypes, gnotobiotic studies are a powerful tool to quantify the
impact of specific microbes or microbial products on host pheno-
types, such as immunity and autoimmunity. This can be achieved by
colonizing mice with a single microbial strain and testing its effect on
a host phenotype. Additionally, mice can be colonized with a defined
consortium of bacteria, to mimic more complex microbial communi-
ties, and the addition or removal of a particular microbe or microbial
gene can be assessed (Figure 3). Advances in genetic manipulation
of many human gut microbes allows for us to test for the impact of
specific microbial genes on host physiology. Thus, the armamentar-
ium of gnotobiotic and anaerobic microbiology tools has expanded
to allow us to dissect the uniquely microbial contributions to host
immunity and drug pharmacology. For example, gnotobiotic studies
have revealed that (1) the microbiome is required for the develop-
ment of autoimmune arthritis in mice,*’ (2) the addition of specific
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microbes can alter the host blood metabolome,>® (3) microbial me-
tabolism of inflammatory compounds like dietary uric acid® impacts
host uric acid levels, (4) gut microbes can invade mesenteric adipose
tissue and contribute to inflammation,>? and invading microbes are
targeted by the host immune system.”® Thus, gnotobiotic studies
have revealed several mechanisms by which microbes contribute to
host immunity, inflammation, and autoimmunity.

Gnotobiotic animal studies enable us to examine bidirectional
interactions between drugs and microbes in vivo. They enable us to
ask how drug a might affect human gut microbes in vivo, especially
when combined with sequencing technologies (described in the
next section). By inducing disease in germ-free animals, we can ask
whether a drug alleviates disease in the absence of a microbiome,
or whether microbial communities are needed for the drug's mech-
anism of action. Furthermore, microbial communities from patients
that have been exposed to a drug versus not can be transplanted
into germ-free mice, and the effect of the “drug-exposed” micro-
bial community on disease can be tested®° (akin to Figure 3A). Such
fecal microbiota transplant (FMT) studies provide evidence for the
hypothesis that a drug acts on the microbiota to alleviate inflam-
mation and therefore the therapeutic effects of a drug are, at least
partially, mediated through microbes. Additionally, we can examine
the impact of microbial communities on drug pharmacokinetics and
ask whether specific microbial genes impact drug levels in the host.
Thus, gnotobiotic animal studies are a critical tool for demonstrating
a causal role for the microbiome in shaping the treatment of auto-

immune disease.

3.2 | Culture-independent techniques
3.2.1 | Next-generation sequencing

Up until recently, a major limitation of culture-based techniques was
that many microbes could not be cultured using the media prepa-
rations and culture conditions employed in the past. This realiza-
tion arrived on the heels of advances in nucleic acid analysis and
sequencing in the 1970s. When Carl Woese, Norman Pace, and col-
leagues reported that the 16S rRNA gene could be used to identify
bacterial species,®* and this technique became more widely accessi-
ble,>> we gained a greater appreciation for the immense diversity of
the microbes residing in an environment. With the development of
next-generation sequencing technologies, we learned that the ma-
jority of microbes living in the gut, soil, and other environment were
not yet cultured at the time of discovery.56

Next-generation sequencing is a high throughput “culture-
independent” technique that enables researchers to ask multiple
types of questions about microbial communities (reviewed in Ref.
[57]). Researchers can interrogate which microbes are present in a
community using 16S rRNA gene amplicon sequencing (bacterial
species) and internal transcribed spacer (ITS) sequencing (fungal
species) (Figure 2B). Shotgun (or metagenomic) sequencing profiles
all the DNA in a specimen, and thus provides information on which
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FIGURE 3 Animal models enable us to test if microbial communities, specific microbes, or microbial genes impact host phenotypes. In
this example, the relationship between host inflammation and the microbiome is investigated. The underlying hypothesis is that a disease-
associated microbe carrying a specific microbial gene contributes to host inflammation. (A) Microbial communities from diseased patients
leads to increased inflammation in gnotobiotic mice. (B) Addition (“spike-in") of a candidate microbe from disease-associated microbiota into
healthy microbial communities increases inflammation induced by healthy microbial communities, thereby implicating the specific candidate
microbe. (C) Genetic ablation of a candidate microbial gene abrogates the microbe's ability to induce inflammation when added to a healthy

microbial community.

microbial genes are present in a sample. RNA sequencing enables
identification of the transcripts that microbial communities produce.
Such sequencing-based technologies are used to determine how
drugs impact microbial community structure and function in vivo or
ex vivo.

Interestingly, culture-independent techniques have led to im-
provements in culture-dependent techniques. Next-generation
sequencing enabled the growth of “culturomics,” defined as le-
veraging multiple culturing conditions, analytical chemistry, and
sequencing for the identification of bacterial species.sg'59 These
sequencing-based technologies contributed to the many cata-
logues that were developed for studying microbial genomes. From
these cataloged microbial genomes, researchers were able to pin
down the nutritional requirements or culture conditions required
for the growth of previously fastidious microbes.>®%° Microbiome
researchers have made great strides in the past 10years in culti-
vating hundreds of new species that were previously thought to

be non-cultivatable.’5761¢2 This is because of the recognition
that these species require specialized conditions to grow.’® These
conditions include (1) growth under anaerobic conditions, (2) use
of rich media (typically containing brain, heart, or meat tissue) with
multiple required trace elements and supplements, and (3) promo-
tion of germination with bile acids or enrichment with antibiotic
treatment. With these modifications, we are now able to culture
the majority of microbes that are present in the human gut.®? For
example, about 80% of all described bacterial species to date are
archived at DSMZ.%? Additionally, Lau et al. found that 95% of
species that were present at a relative abundance >0.1% could
be cultured using at least 1 of 66 different culture conditions.>”
Thus, it is possible to develop and study representative panels of
anaerobic gut microbes in vitro that recapitulate of the diversity of
microbes found in the guts of patients in vivo. However, microbes
that are rare in abundance or prevalence continue to remain dif-
ficult to culture; but advanced robotics and machine learning has
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facilitated the evolution of high-throughput methods to lessen the
burden of culturing rare species.®® Thus, the microbiome commu-
nity has developed methods of culturing most microbes that are

prevalent and abundant in the human gut.

3.2.2 | Analytical chemistry

A second major “culture-independent” technology that has facili-
tated studies of the microbiome, and therefore drug-microbiota in-
teractions, has been advances in analytical chemistry platforms.6*%°
These platforms enable the study of microbial proteomes and
small-molecule metabolites. Platforms for studying small-molecule
metabolites have been instrumental in identifying which microbes
metabolize therapeutic drugs and for mapping the transformations.
This has only been possible with high-resolution liquid chromatogra-
phy mass spectrometry (LC-MS) platforms that can distinguish be-
tween compounds with very small mass differences and transitions,
and nuclear magnetic resonance (NMR) platforms that can be used
to verify the identity of novel substrates.

Analytical chemistry platforms have enabled high-throughput
studies of how human gut microbes transform drugs. In a landmark
study, investigators incubated 271 drugs with 76 different microbial
drugs and found that 176 drugs were depleted or transformed by
human gut bacteria in vitro.2® Such studies reveal that microbes pro-
duce drug metabolites that are similar to those that are produced
by the host, but some products of microbial metabolism are unique
to microbes and are novel. Thus, advanced analytical chemistry
platforms have revolutionized our understanding of the diversity
of biochemical activities that performed by microbes,® both on en-
dogenous compounds and xenobiotics, such as drugs used to treat
autoimmune disease.

Advanced analytical chemistry platforms combined with
gnotobiotic studies allow us to better understand how microbes
metabolize drugs in vivo in the host. Use of gnotobiotic animals
enables investigators to control for many factors that confound
microbiome studies in humans.®’ In these studies, mice are col-
onized with microbial communities of interest and drug pharma-
cokinetics is quantified. Most studies of drug pharmacokinetics
look in the host circulation because that is where drugs act on
host cells. However, examining the stool may provide insights into
microbial products produced by bacteria that are either largely re-
tained in the gut or are produced there and enter into circulation.
Thus, combinations of these different technologies can be used to
reveal the interplay between drugs and microbes in shaping the

treatment of autoimmune disease.

3.3 | Taking stock of the evidence implicating the
microbiome in the treatment of autoimmune disease

While many studies report that the microbiome is associated with
multiple diseases, these snapshot studies are just the first step in
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understanding if the microbiome may affect treatment response.
A common refrain from such cross-sectional human studies is,
“Which came first—changes in the microbiome or disease?” Some
of the tools described above, such as gnotobiotics studies, address
such questions because they provide evidence that microbes or
their products are causal agents that produce the phenotypes we
observe in animal models. But, because there is still so much to
learn about the impact of microbes on the treatment of autoim-
mune disease in humans, it is important to consider what lines of
evidence exist and what studies have yet to be done (if deemed
useful and feasible) to help us advance microbiome-based thera-
pies for patients with autoimmune disease. One framework we use
to determine the state of evidence for microbiome-drug interac-
tions is provided in Table 1. This table of questions allows us to
assess the extent to which experimental or epidemiological data
exists in humans and model organisms to support the hypothesis
that the microbiome matters for treatment outcomes in an au-
toimmune disease of interest. This framework is largely a guide
to think broadly about the different types of data that provide
evidence for the microbiome in disease and treatments; a relevant
adage is “The absence of evidence is not evidence of absence.”
Nevertheless, finding reproducible signatures using orthogonal
tools and techniques will be critical in translating microbiome re-
search to the clinic.

In summary, a combination of culture-dependent and culture-
independent techniques are required to advance microbiome-
based medicines to treat autoimmunity. In vitro and ex vivo
(communities taken from the host and grown in a culture in the lab-
oratory) microbiology studies are reductionist but are indispens-
able in determining whether a drug directly affects microbes or
whether microbes directly metabolize a drug. Gnotobiotic animal
studies are expensive and may not fully recapitulate human dis-
ease and phenotypes, but gnotobiology is indispensable for show-
ing that microbial communities in vivo can causally impact host
phenotypes. By comparison, demonstrating a causal role for spe-
cific microbes or microbial products in humans is achieved through
randomized clinical trials and/or epidemiological studies; these
are even more expensive and less common, but preclinical stud-
ies in gnotobiotic model systems can help guide human studies.
Mechanistic studies looking at specific microbial genes, proteins,
or metabolites can be performed in vitro, ex vivo and in gnotobi-
otic animals, especially with the development of novel methods
to genetically manipulate non-model bacterial species.®® Multiple
“omic” technologies are used individually or in combination with
culture-dependent techniques to decipher the broad impacts of
drugs on the microbiome community composition, structure, and
function in humans and in model systems. Advanced analytical
chemistry platforms are used to determine how drugs impact the
metabolome or proteome of the microbiome and are instrumental
in identifying how microbes metabolize drugs. Thus, advances in
these technologies have greatly expanded our understanding of
drug-microbiota interactions, but as we will see in the subsequent
sections, much more remains to be uncovered.
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Humans

Pathogenesis e Does microbiome differ in e |Is the disease gone or reduced in
germ-free animals?

diseased patients compared to

Animal models

TABLE 1 Questions to consider when
assessing our knowledge bank on how the
microbiome impacts treatment response?.

healthy controls? e Does introduction of a single or

e Are consistent microbial
features found to be associated

defined set of microbes (or genes)
induce disease?

with disease (either species, e Does introduction of microbially

microbial genes/pathways, or
metabolites)?

e |s there evidence in patients
that their immune system
“sees” the microbe(s) and is
responding (presence of T cell
receptors or antibodies that
recognize microbial features)?

e In epidemiologic studies,
is disease conferred by
introduction or expansion of a

produced peptides or metabolites
induce disease?

microbe?
Treatment e Does the microbiome change e Does the microbiome change with
with treatment? treatment?
e Do current therapies e Are therapies targeting the

purposefully or accidentally
target the microbiota
(antibiotics, drugs with
antibiotic effects)?

microbiota effective (vaccines,
drugs exclusively targeting
microbes, pre/pro/postbiotics,
CRISPR editing)?

e Have randomized controlled e Can disease be alleviated by

trials of microbiota specific
therapies been effective/
detrimental (probiotics,
compounds specifically

altering the microbiome? Or can
response to existing therapies
be improved by modifying the
microbiome?

targeting the microbiota)? e What drug metabolites are

e Do bacteria metabolize drug
therapies, and if so, how do
drug metabolites affect host
physiology or affect treatment
response? Do drug metabolites
contribute to toxicity in the

produced exclusively by
microbiota (as assessed by
studying germ-free animals)
and which metabolites are
produced by both the host and
the microbiota? Which of these

host? metabolic activities “win out” in

e Does chronic drug therapy

hosts taking therapy chronically?

cause the evolution of the e What exogenous factors (diet,

microbiome? And does this
evolution affect treatment
response (or loss of drug
efficacy)?

supplements, environmental
exposures, etc.) regulate microbial
drug metabolism?

®This table provides general queries to consider when assessing our knowledge bank of the impact
of the microbiome on treating autoimmunity. We do not mean to imply that all these questions

must be answered to confirm that the microbiota matters. At times, it may not be technically, cost-
effectively, or ethically possible to ascertain the answers to all these questions. Currently, many of

the questions remain “open” for many autoimmune diseases.

4 | MECHANISMS BY WHICH MICROBES
IMPACT TREATMENT RESPONSE

4.1 | Microbes directly metabolize drugs or affect
their pharmacology

One mechanism by which the microbiome impacts the treatment
of autoimmune disease is that gut microbes affect the pharmacoki-
netic profiles of immunosuppressive drugs. They do so through
two broad mechanisms: (1) by altering the drug directly or (2) by

affecting the host. In the first case, drugs are “biotransformed”
or “metabolized” by microbial enzymes that reduce, hydrolyze, or
otherwise structurally modify the drug. These modifications may
result in drug metabolites with altered bioactivity: more toxic, less
effective, more effective, less absorbed, etc. and thereby affect
drug efficacy. In the second case, microbes induce changes to
host proteins and enzymes that influence drug pharmacokinetics:
for example, microbes alter host intestinal cell drug transporters,
liver metabolizing enzymes, renal channels responsible for excre-

tion, and expression of other host enzymes that act on therapeutic
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drugs to alter their pharmacology (e.g., absorption, distribution,
metabolism, and excretion). Thus, microbes may exert powerful
effects on a drug's pharmacological properties. One term to en-
capsulate this notion is pharmacomicrobiomics.69 Recent com-
prehensive reviews have summarized what is known about how
microbes shape drug pharmacology.”®”*

Why might microbes transform therapeutic drugs? One pos-
sibility is that microbes evolved these mechanisms to act on
natural compounds (e.g., to harvest energy and nutrients from
them). Therapeutic drugs that mimic endogenous compounds may
therefore be “innocent bystanders” of microbial enzymes that act
on endogenous compounds. Evidence to support this possibility
comes from studies showing that microbial enzymes act on arange
of structurally similar compounds with specific common motifs.”?
In a recent large-scale analysis of 438 drugs that were incubated

8 investigators compared metabolism

with human gut bacteria,”
of synthetic drugs versus drugs found in nature or derived from
natural compounds (those with slight structural modifications
from the natural compound). In this study, 10% of synthetic drugs
were metabolized, while 21% of natural or naturally derived com-
pounds were metabolized by microbes. Steroids dominated the
list of natural compounds metabolized by human gut bacteria,
but nonsteroidal drugs included: azathioprine, mycophenolate
mofetil, and allopurinol. All of these are “antimetabolites” used in
the treatment of autoimmune or rheumatic disease. Similarly, ad-
ditional natural compounds that are known to be metabolized by
gut bacteria include levodopa (dopamine is an endogenous neu-
rotransmitter), digoxin (from Digitalis purpurea plant, or foxglove),
lovastatin (produced by fungi), sorivudine (nucleotide analog), and

5-fluorouracil (nucleotide analog).”®

Thus, therapeutic drugs with
chemical motifs that closely approximate endogenous compounds
are likely to be impacted by human gut microbial metabolism, and
many current therapies used to treat autoimmune disease possess

this property.

4.2 | Therapies act on microbes to impact
immunity and inflammation

While microbes affect drugs, drugs may affect microbes: drugs
designed to target human pathways have off-target effects on mi-
crobial pathways. The extent to which these off-target microbial ef-
fects impact human immunity and physiology is not well defined.
Given that under homeostatic conditions, microbes directly impact

host immunity,74'75

it is possible that off-target effects of drugs on
commensal microbes may affect human immunity and physiology in
multiple ways (Figure 4). Thus, understanding the impact of drugs on
gut commensal communities can shed light on microbiota-immune
interactions.

Human-targeted drugs have off-target effects on microbial
pathways. This was demonstrated several decades ago, in which
investigators examined the effects of drugs on microbial growth

in vitro.”®’” These studies were undertaken to understand the
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FIGURE 4 Interactions between drugs, microbes, and host
immunity. Historically, we focused on how drugs directly impact the
host immune system when considering autoimmunity treatment
(dashed arrow). However, emerging evidence suggests that gut
microbiota modify drugs and drugs act on microbes to shape host
immunity (solid arrows).

mechanism of action of many of these drugs, as the targets were
unknown at the time.”® These initial drug-microbiota studies were
also undertaken to help evolve drugs that had greater specificity for
microbial proteins than human proteins.”® Many of these early stud-
ies focused on one or a few drugs and usually tested activity against
infectious microbes. But recently, a landmark study expanded our
knowledge of drug impacts on commensal microbes. The extent to
which therapeutic drugs could have off-target effects on human gut
microbes was reported in study in which 1197 drugs were tested
at a single concentration against 40 representative human gut mi-
crobes.?® This large and quantitative study demonstrated that 203
(24%) of the host-targeted drugs also inhibited growth of at least one
human gut commensal strain in vitro. Thus, a significant percent of
host-targeted drugs may have off-target growth inhibitory effects
on gut microbes.

In addition to inhibiting growth, host-targeted drugs can affect
the transcriptomes and metabolomes of gut commensals. Thus,
the percentage of drugs affecting microbes is likely an underesti-
mate because the investigators only screened the effects of drugs
on growth.25 But host-targeted drugs may change microbial physi-
ology, transcription, and metabolite production without leading to
a change in growth. For example, in a recent study looking at 14
common human gut isolates incubated with 19 top prescribed ther-
apeutics,”? all tested drugs resulted in differential gene expression
in at least one bacterial isolate. Notably, the investigators tested
drug concentrations that had minimal impacts on growth, support-
ing the idea that host-targeted drugs can have off-target effects
on the transcriptome, and likely downstream products, of gut mi-
crobes. Thus, studies looking at the effects of host-targeted drugs
on in vitro growth or community composition (16S) may miss im-
portant transcriptomic or metabolomic effects that drugs have on
the microbiota.

Under homeostatic conditions, the microbiome shapes host
physiology, including host immunity, and drugs may act on mi-
crobes and affect these homeostatic mechanisms (Figure 4).
Microbes can influence homeostatic host immunity in several
ways. Commensal microbes exert tonic signals that modulate the
host immune tone,* induce tolerance,®® produce antigens that
are recognized by the immune system,'® and produce proteins,
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glycoproteins, lipopolysaccharide (LPS), and outer membrane ves-
icles® that the host immune system responds to in a non-diseased
state.

In the setting of disease, microbes and their products are impli-
cated in autoimmune disease pathogenesis, and therapeutic drugs
may do “double duty” by targeting both host immune cells and
pathogenic microbial mechanisms to alleviate disease. Mechanisms
by which microbes are thought to contribute to autoimmune patho-

genesis are multitudinous (Figure 5):

1. Molecular mimicry/cross-reactivity: Commensals may produce
protein peptides with homology to self-peptides; thus, an ap-
propriate immune response may also result in “friendly fire” in
which immune cells attack self-organs.}®#2-84 Similarly, antigens
directed against commensals may result in “antigen spreading”
that targets self-peptides.

2. Immunomodulatory metabolites: Commensals produce small
molecule metabolites that set the immunologic tone for multiple
immune cell populations®>®%; and in doing so, these commensals
may “embolden” immune cells that were previously weakly re-

sponsive to self-peptides to become strongly responsive. Small

Immunomodulatory
metabolites
(SCFA, ATP, indoles,
succinate)

Translocate into
circulation
("leaky gut")

molecules produced by microbes can traverse the epithelial bar-

rier and reach high levels in the circulation.*’

. Immunomodulatory cell wall components: Commensals have

been shown to produce lipid, protein, and carbohydrate mol-
ecules that act more locally to incite (or dampen) inflammation in
immune cell populations in the lamina propria.8”€8 These immune
cell populations then migrate to other tissues and may contribute

to enhanced inflammation at gut distal sites.®’

. Compromised barrier permeability: Microbes themselves may

traverse the epithelial barrier if it is compromised (i.e., “leaky”),
which is often the case in autoimmunity. These microbes may
then unleash strong immune responses that trigger or exacerbate

autoimmunity.”®

How, then, do commonly used immunosuppressive or immuno-

modulatory drugs modulate the microbiome to exert effects on host
immunity? The possibilities include:

1. Reducing levels of an autoimmunity-inducing microbe:

Immunosuppressive drugs, in addition to suppressing the host

immune system, also change the abundance of inflammatory

Cell wall components
(LPS, PSA, flagellin)

Cross-reactivity with
autoantigens

FIGURE 5 Microbes may shape host immunity in multiple ways. They may produce immunomodulatory small-molecule metabolites that
easily traverse epithelial barriers, thereby resulting in effects on organs that are distal from gut microbes (“immunomodulatory metabolites”).
Microbes also produce bulkier protein, lipid, or carbohydrate products (flagellin or LPS) that tend to affect the local immunological milieu
(“cell wall components”). Microbial proteins with homology to human proteins may spur autoimmunity because an appropriate immune
response may be accidentally unleashed on human tissues and organs (“cross-reactivity with autoantigens” or “molecular mimicry”). Finally,
microbes may translocate into the circulation when the epithelial barrier is impaired, leading to microbial colonization of sites that were
historically thought to be sterile. ATP, adenosine triphosphate; LPS, lipopolysaccharide; PSA, polysaccharide A; SCFA, short-chain fatty acids.
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microbes, particularly ones that trigger molecular mimicry and
autoimmunity. If we can identify a commensal that initiates,
incites, or aggravates disease which is already “accidentally”
targeted by existing immunomodulatory drugs, then we can
develop specific therapies targeting microbiota instead of broadly
immunosuppressing the host. Proof-of-principle studies show-
casing that specific microbes can be targeted to alleviate au-
toimmunity come from studies of murine models of lupus and
inflammatory bowel disease: specifically targeting Enterococcus

gallinarum or Klebsiella pneumoniae strains using vaccines’ or

! respectively, resulted in improved outcomes

phage therapy,’

in mouse models. Though causality is difficult to ascertain

in patients, cross-sectional patient studies also support the
hypothesis that successful drug therapy is associated with re-
ductions in specific microbial species‘”‘93

2. Reducing levels of autoimmunity-inducing microbial products:
Immunosuppressive drugs may change the physiology of existing
microbes, such that immune modulatory proteins, lipids, sugars,
and small molecule metabolites are altered in a way that reduces
host inflammation. In this case, studies profiling gut community
composition using 16S or shotgun sequencing may not uncover
changes that are likely happening at the transcriptomic or me-
tabolomic level. In one example, investigators generated an ex-
perimental system to interrogate microbiota-immune interactions
and how diet impacts expression of immunomodulatory antigens
on a commensal microbe.”* They found diet could reduce expres-
sion of an antigen on Bacteroides thetaiotaomicron that promoted
activation of T cells specific for B.theta. This exemplifies how ex-
ogenous perturbations (e.g., diet) can impact the microbiota (e.g.,
peptide expression) with downstream consequences for host im-
munity (e.g., T-cell activation).

3. Reshaping microbial communities so that they are less immune-
stimulating: Immunosuppressive drugs, such as MTX, may change
the community composition of microbes or emergent community
dynamics. A recent study showed MTX-exposed microbial com-
munities, showing reduced levels of Bacteroidetes phylum, elic-
ited less immune activation (lower levels of B cells, myeloid cells,
Th1 cells, and T-cell activation in the spleen) when mice were ex-
posed to DSS.7°

Above, we presuppose that commensals incite inflammation, but
commensals may also suppress inflammation. In this case, drugs may
act on the microbiota to increase anti-inflammatory microbes, mi-
crobial products, or microbial community configurations. Elucidating
these anti-inflammatory mechanisms could be critical for developing
novel therapies.

The general principle underlying all these mechanisms is that
immunosuppressive or immunomodulatory drugs that act on mi-
crobes can propagate effects through existing microbiota-immune
pathways to lead to disease alleviation. If we can uncover the key
or central microbiota-immune pathways that trigger or exacerbate
disease, then we can develop drugs to target specific microbes or
microbial products without inducing iatrogenic immune suppression.
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5 | ODETO METHOTREXATE (OR “OWED
TO METHOTREXATE”): RHEUMATOLOGY
EDITION

Methotrexate is considered one of the first rationally designed mo-
lecular medicines developed in the modern era.”® The success of MTX
and modern day chemotherapy was born out of an erroneous (and pos-
sibly deadly) hypothesis: initially, oncologists hypothesized that leuke-
mia was due to folate deficiency because the large size of leukemic
cells resembled that of enlarged red blood cells (megaloblasts) seen in
pernicious anemia, which is due to vitamin deficiency (folate or B12).””
However, clinical studies revealed that folate supplementation was
not effective and possibly accelerated disease.”® Instead, depriving
cancer cells of folate seemed effective: diet-induced folate deficiency
resulted in decreased circulating leukemic cells.”” These findings
spurred the development of folate antagonists for the treatment of
leukemia. MTX was synthesized in the 1940s by an unsung scientific
hero, Yellapragada Subbarao, shortly after the synthesis of a close ana-
logue of MTX, aminopterin.”® Aminopterin and MTX were designed to
structurally mimic and antagonize folate activity. In a landmark study,
aminopterin was shown by Sidney Farber and colleagues to be effec-
tive in curing pediatric leukemia.°® While aminopterin was used in the
initial studies, MTX replaced aminopterin as a chemotherapy due to a
better therapeutic profile in murine studies.”’

This was a huge success for molecular medicine and for the treat-
ment of cancer.””? It was the first time that a compound had been
synthesized to mimic the newly discovered vitamin, folate, to treat
disease. However, many things were not known at that time, includ-
ing the enzymes involved in folate metabolism and the precise target
of MTX.22 |nterestingly, in this instance, a drug was developed with
little knowledge of the pathway or enzyme that was being targeted;
this contrasts with the modern paradigm of drug development, in
which key genes or enzymes are first implicated in disease, and
drugs are developed (or screened for their ability) to target those
specific proteins (e.g., anti-TNF, anti-IL17, and PCSK9 inhibitors).2°
Multiple scientists lauded the research teams that led to the discov-
ery of methotrexate,”” its target dihydrofolate reductase (DHFR),
and the folate pathway. Some have written perspectives reminisc-
ing about those discoveries, with Frank Heunnekens writing, “The
Enzyme Game was open to everyone. Starting materials were tissues
available from laboratory animals and local abattoirs or from cells
provided by accommodating bacteria. The necessary reagents (often
homemade or, when all else failed, purchased from Sigma) were rel-
atively few and simple”.!® Indeed, Joseph Bertino, when asked to
give the 1993 Karnofsky Memorial Lecture to the American Society
of Clinical Oncology, gave an “Ode to Methotrexate” to highlight all
the therapeutic successes that were “owed to methotrexate”,”” in-
cluding cancer cure or remission for the first time in history.

MTX use and popularity has only grown since those early days.
MTX was subsequently found to be effective in the treatment of
multiple cancers as well as nonmalignant diseases, including psoria-
sis, psoriatic arthritis, and rheumatoid arthritis. It supplanted thera-
pies such as gold and aspirin based on clinical trials in multiple patient
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populations, especially after FDA approval for its use in treating RA
in 1988.1%% Despite the development of other therapies similarly
targeting broad metabolic pathways (e.g., leflunomide, azathioprine,
and cyclophosphamide) or specific cytokines or immune receptors
(e.g., anti-TNF, anti-1L6, and anti-IL1 receptor), MTX has remained an
anchor therapy in RA.

Methotrexate's longevity in the rheumatologic armamentarium
is a testament to its multiple beneficial therapeutic properties, with
many studies focusing on in the treatment of rheumatoid arthritis.
First, clinicians learned that MTX reduced all-cause and cardiovascular

104,105 3nd that this was not a property shared by other orally

mortality,
administered disease-modifying antirheumatic drugs (DMARDS) like
hydroxychloroquine or sulfasalazine.}®® Second, MTX was shown to
be more tolerable than other oral DMARDS.X” Third, when biologic
therapy was developed, MTX was found to reduce the production
of anti-drug neutralizing antibodies, thereby increasing the efficacy
of biologics (e.g., TNF inhibitors and uricase).}® Most recently, it has
been shown to make gout treatment with pegloticase more effec-
tive by reducing antidrug antibody development to pegloticase.’®’
Consequently, MTX acts synergistically with multiple biologics to al-
leviate disease 10111 Fourth, unlike other oral drugs, it is taken just
once weekly instead of daily, which patients prefer. Fifth, because it is
not under patent, oral and injectable forms are more affordable than
the newer biologics. Thus, over the years, MTX has shown its worth in
multiple clinical trials and studies. Expert guidelines recommend MTX
as first-line therapy for RA,*'2 and many rheumatologists use it as first-
line therapy more broadly to treat inflammatory arthritis in diseases
such as lupus, dermatomyositis, and sarcoidosis.

Instead of being relegated to the dustbin of rheumatologic his-
tory (as has been the fate of gold and aspirin), MTX has repeatedly
shown itself to be a powerful tool in our therapeutic arsenal be-
yond the clinical discipline of rheumatology. It is not just used in the
treatment of rheumatologic disease but has found widespread use
in other clinical disciplines as well, including in the treatment of pso-

riasis,?*® mycosis fungoides,*® inflammatory eye disease (uveitis),}*

116 and other immune-

inflammatory bowel disease,'*> vasculitis,
mediated conditions. It can act as a stand-alone therapy for many
patients, and when it is insufficient, other therapies are added-on to
MTX because it can act synergistically with other drugs. No other
drug in rheumatology possesses so many favorable therapeutic
properties. It is among the top 300 drugs prescribed in the US (#132
in 2021), with an estimated 4.4 million prescriptions each year pro-
vided to over 900,000 patients.117 Thus, MTX is used to treat multi-
ple common conditions, and many advances in autoimmune therapy

are “owed to methotrexate.”

6 | THE MICROBIOME VERSUS
METHOTREXATE: HOW BUGS AFFECT
DRUGS

Although MTX has been used for multiple decades, not every patient
responds to MTX therapy. Many patients experience inadequate or

no response to MTX, and thus MTX has limited efficacy in these
patients.!? Additionally, some patients that benefit from MTX also
experience significant side effects; in these latter cases, the toxic-
ity of MTX limits use of this cost-effective and mortality-improving
drug.t®

This interindividual variation in MTX response has been heavily
studied over the past 50-60years and multiple host factors have
been investigated.’'? Oncology investigators have found that can-
cer patients evolve resistance to MTX because tumor cells amplify
the target of MTX, DHFR, resulting in multiple copies.120 Or they
mutate the target enzyme, DHFR, such that it no longer binds MTX.
Additionally, MTX is actively transported into cells, and cancer cells
evolve resistance by mutating transporters. Additionally, SNPs or
mutations in folate pathway genes have been implicated in MTX re-
sponse.19 These previous investigations looking at various host fac-
tors that might govern MTX response have been reviewed in detail
by others. 19118121

Microbial metabolism of MTX was first discovered several de-
cades ago, but most clinicians are surprised to learn this in part be-
cause it is not reported in clinical reviews focused on MTX 113115122
The initial discoveries of microbial metabolism of MTX occurred in

1”2 and mouse'®

the 1960s, in which investigators found that soi
bacterial strains could metabolize MTX into an inactive metabolite.
It was surmised that human gut bacterial strains similarly metabo-
lized MTX, but investigators were not able to show this directly.}?*
This lead to controversy about whether the inactive metabolites
were truly formed by microbes or whether, instead, they were al-
ready present in the infusion bag as a result of impurities in the initial
synthesis of MTX.?* Early pharmacokinetic studies were completed
in small populations of cancer patients given MTX by the intrave-
nous (IV) route instead of the oral (PO) route. These early studies led
to the conclusion that only a small amount (~5%) of MTX is metab-
olized by bacteria.'?> Given that nowadays most MTX prescriptions
are prescribed to treat autoimmunity and administered via the oral
route, in which the drug is more likely to encounter microbes, these
early studies in cancer patients may not be generalizable to the cur-
rent cohort of patients taking MTX. Indeed, these early studies may
have led to premature conclusions about the extent and impact of
microbial metabolism of MTX. Our group revisited this line of inves-
tigation and found that human gut bacterial strains could directly
metabolize MTX, and that this metabolism was associated with clin-
ical response in RA patients. Below, we review this history of micro-
bial metabolism of MTX in greater depth.

6.1 | Identification of environmental microbes that
metabolize MTX

Given the growing success of MTX in the 1960s, there was high
interest in characterizing MTX and its metabolites, many of which
were still largely unknown because the field of clinical pharmacol-
ogy was just being developed.126 Early studies noted that some
bacteria inactivate MTX.*?” In 1967, Levy and Goldman working
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at NIH sought to define the metabolites of MTX, because, as they
wrote “Although the biological degradation of methotrexate has
been examined in several systems, in none have the degradation
products been completely characterized”.'?® Their strategy was
to find a soil microbe that could metabolize MTX and to identify
products of this metabolism in the lab. They used a culture enrich-
ment technique to facilitate finding such a microbe: they prepared
a medium that selected for microbes that could use MTX as the
sole source of carbon and nitrogen. They screened microbes from
the mud at Rock Creek woods on minimal media containing MTX
and salts. Remarkably, they found a single microbe, character-
ized only as a “pseudomonad,” that could survive on MTX-based
minimal media. The authors deduced that the “crystalline or-
ange pigment” left behind was deoxyaminopteroic acid (DAMPA)
(Figure 6). Further, the authors found that the candidate enzyme
could act on folic acid and aminopterin. They went on to show that
the purified enzyme could metabolize multiple compounds ending
with a glutamate and thus named the enzyme carboxypeptidase
G (CPG),”? noting'?? “the study with methotrexate illustrates the
usefulness of microorganisms in elucidating biochemical reactions
on compounds with potential interest as drugs.”

With evidence that targeting the folate pathway was effective in
curing cancer, investigators also sought to identify folate degrading
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enzymes that might be used therapeutically in vivo. Bacterial sources
of such enzymes could be generated in large quantities. In 1971,
McCullough and Chabner sought to find soil bacteria that utilize
folates as the sole source of energy.130 They isolated Pseudomonas
stutzeri from mud obtained along the Long Island Sound, which could
survive on minimal media with leucovorin or folic acid. The investi-
gators isolated and purified carboxypeptidase G1 (CPG1) from this
strain, which was similar to CPG in that it removed a terminal gluta-
mate. They found that CPG1 was induced by the presence of folates.
Further, folate analogs like MTX were substrates of CPG1, which
produced DAMPA.

Once it became clear that MTX could cause life-threatening
toxicity, enzymes that cleave MTX in vivo were sought, and once
again, researchers turned to bacteria to identify such enzymes.
This is because humans lack an enzyme that converts MTX into
the inactive metabolite DAMPA. A Flavobacterium species iso-
lated from water was found to encode a carboxypeptidase (not
further named, and simply designated as “carboxypeptidase”)
with the ability to metabolize MTX, with higher affinity for MTX
than endogenous natural folates. These findings suggested that
it might be effective in reversing the toxicity of high-dose MTX
seen in cancer patients.’®*%? |t was not until carboxypeptidase
G2 (CPG2) was identified in a strain of Pseudomonas RS-16'% and
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FIGURE 6 Two human enzymes and one bacterial enzyme family are known to metabolize MTX (and a related vitamin, folic acid). All
eukaryotic cells possess FPGS, which makes MTX more active by adding two to seven glutamates. The liver hydroxylates MTX (or folic acid)
using AO, which makes MTX less active. The first enzyme discovered to metabolize MTX was a carboxypeptidase (CPG), which removes the
glutamate moiety (colored green). AO, aldehyde oxidase; CPG2, carboxypeptidase G2; FPGS, folyl polyglutamate synthase.
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cloned into E. coli*®* that this strategy came to fruition in reversing
toxicity in patients, and continues to be used in clinical practice.*®’
Taken together, these studies demonstrated the power of using
microbes to learn about MTX and leveraging this information to
improve patient care.

Thus, the first MTX metabolite identified (DAMPA) was a
bacteria-produced metabolite, not a human one. It was not until
almost three decades after the development of MTX that the
first human-produced MTX metabolites, polyglutamated MTX
and 7-hydroxy-MTX, were identified and reported (Figure 6).
Investigators first uncovered that MTX was polyglutamated in

136 and human liver cells*® (Figure 6). A

human red blood cells
similar type of transformation happens to folates, which are poly-
glutamated once they enter the cell, but these polyglutamated
forms were hard to discover initially because they were rapidly
deglutamated by endogenous enzymes.138 Produced by the en-
zyme folylpolyglutamate synthase (FPGS), polyglutamated folates
are retained intracellularly and have higher affinity for enzymes
like DHFR.**® Similarly, polyglutamated MTX is retained intra-
cellularly and is more effective at inhibiting DHFR and other en-
zymes, leading researchers to consider MTX to be a “prodrug”.*®?
The second human-produced MTX metabolite discovered was
7-hydroxy-methotrexate, which was identified by investigators
at the National Cancer Institute (NCI at NIH) studying cancer pa-
tients that were receiving high dose MTX.14° In this study of five
cancer patients treated with MTX, about 7%-33% of the drug
excreted in urine between 18 and 24 h was 7-hydroxy-MTX. The
enzyme that produces 7-hydroxy-MTX is aldehyde oxidase (AO).
Thus, all together there are three major MTX metabolites:
DAMPA, polyglutamated MTX, and 7-hydroxy-MTX. The ability to
detect and distinguish between these three major MTX metabolites
was challenging, and many early studies suffered from insufficient
sensitivity and specificity. The identity of these compounds was
determined by their retention times and patterns on DEAE cellu-
lose and thin layer chromatography techniques. Indeed, the ability
to disambiguate parent and metabolite compounds was not always
possible, making it challenging to make strong conclusions. And the
methods were low-throughput compared to current day methods.

Thus, sample sizes were small for many studies.

6.2 | Studies suggesting that gut microbes
metabolize MTX in animal models

While initial studies in the 1960s suggested that soil microbes
could metabolize MTX in vitro, the first hints that MTX is me-
tabolized by gut microbes in vivo came from studies of antibiotic-
treated and germ-free mice by investigators at NCI. In 1969,
investigators found that when comparing normal versus antibiotic-
treated CDF, male mice (N=3 per treatment group) treated with
radioactive MTX 3 mg intraperitoneally, more MTX was recovered
in the stool of antibiotic-treated mice; additionally, there was
less “pre-MTX” metabolites, which were metabolites that eluted

before MTX on DEAE cellulose columns.**! This suggested that
microbes may metabolize MTX. However, the investigators noted
that in antibiotic-treated mice given neomycin and sulfathiazole,
less MTX was recovered in the urine. This was counter to what
was expected: if antibiotics reduce microbial metabolism, more
MTX should be delivered to the circulation and excreted in the
urine. The investigators then studied DBA/2 germ-free mice
treated with subcutaneous MTX (dose and timepoint not explicitly
reported) and found that more MTX was recovered in the urine,
thereby surmising that antibiotics (e.g., neomycin) likely reduced
MTX transport into the circulation. There were a few limitations
to this early study. The amount of MTX and its metabolites in the
blood circulation was not assessed and the identity of the “pre-
MTX" metabolites was not known. Of note, the only reported me-
tabolite to have been discovered at this point was DAM PA'?8: the
discovery of PG-MTX and 7-OH-MTX was not accomplished until
1973 and 1976. Additionally, the investigators experienced techni-
cal challenges in distinguishing between MTX and its metabolites
in the feces of germ-free animals. They were therefore unable to
confirm if MTX was increased or its metabolites were decreased
in germ-free fecal samples, as might be expected from the results
in antibiotic-treated mice.

This same group further characterized the kinetics by which MTX
metabolites (still unidentified) were observed in the urine and feces
of rats and mice.**? They compared the amount of MTX, “pre-MTX,”
and “post-MTX” metabolites in mice and rats (N=3 per treatment
group) given tritiated MTX 21 mg/m2 intraperitoneally. They used a
DEAE ion-exchange column and quantified excretion at “early” and
“later” time points (“early” being 0-6h; “late” being 6-12h in rats).
When considering the urine, 40% of the radioactive dose (compris-
ing both MTX and its metabolites) was excreted in the urine in the
early period and another 10% in the late period. Interestingly, in the
early period, most of the dose was MTX but in the late period, most
of the excreted dose was a MTX metabolite. When considering the
feces collected over both the early and late time periods, most of
the MTX was excreted in a metabolized form. While these studies
provided initial information on the kinetics of MTX metabolite pro-
duction in vivo, still missing was the identity of the metabolites, the
levels of MTX and its metabolites in circulation, and whether the me-
tabolites were produced by the host or the microbiota. Additionally,
these in vivo studies had not yet demonstrated that microbes di-
rectly metabolize MTX or whether the microbes induce host en-
zymes that metabolize MTX.

To distinguish between these possibilities, ex vivo fecal commu-
nities from mice were used to show that murine gut microbiota can
directly metabolized MTX. Investigators tested MTX metabolism by
ex vivo cecal communities from CDF, mice."?* MTX was metabolized
into three distinct compounds, one of which was DAMPA based on
multiple chemical properties. DAMPA was less abundant or absent
in cecal communities from antibiotic treated mice. These ex vivo
studies provided direct evidence that murine microbiota metabolize
MTX into DAMPA, but whether human gut microbes were also ca-
pable of this function was unknown.
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6.3 | MTX pharmacokinetics in patients: hints at
microbial metabolism of MTX by human microbes

Pharmacokinetic studies in humans hinted at the possibility that mi-
crobes metabolize MTX, but without specific assays to disambiguate
and quantify the metabolites (which were only more precisely de-
termined after 1973), it was challenging to determine the source of
these metabolites. In 1973, investigators at the University of Kansas
Medical Center profiled radiolabeled MTX levels in the plasma, urine,
and feces of 22 cancer patients given intravenous (not oral) MTX 143
They found that intravenously-administered MTX was recovered in
the feces, suggesting that MTX is enterohepatically circulated in hu-
mans. They also found that about 20% of the MTX excreted in the
urine was a MTX metabolite, suggesting that MTX is metabolized
in vivo in humans, but whether it was microbiota- or host-produced
could not be determined. Thus, these early studies revealed that
even MTX given intravenously encounters gut microbes.

Shortly thereafter investigators reported that MTX taken orally
undergoes more metabolism than MTX administered intravenously;
again, whether this was due to microbial or host enzymes was not
known and the identity of the metabolites was also unknown. These
investigators sought to determine how the route of administration
affects MTX pharmacokinetics.'** They examined 13 cancer pa-
tients, some with malignant infusions. All 13 received IV therapy. Six
also received PO therapy. Both routes were tested at two concen-
trations: 30 and 80mg per meter squared (body surface area-based
dosing). Plasma concentrations were lower in patients given oral
MTX and reflected 47% of the IV dose. While only 6% of the IV dose
was excreted as metabolites, 35% of the oral dose was excreted
as metabolites in the urine. This suggests that orally administered
MTX undergoes more metabolism, and the authors hypothesize that
this metabolism could have been either microbial or from first-pass
metabolism by the liver. It was not possible to distinguish between
these two possibilities in this experiment, though the authors fa-
vored microbial metabolism in their discussion.

Further, it became clear that the current tools to measure MTX
and its metabolites were not sufficiently specific, and a controversy
arose as to whether the metabolites preexisted in the pill bottle it-
self (i.e., “impurities”) instead of being produced by host or microbes.
Donehower and colleagues noted that many investigators had previ-
ously found multiple MTX impurities.*?> They compared two assays
for quantifying MTX and tested their specificities against MTX and
known MTX impurities, including DAMPA. Testing the blood and
urine of five cancer patients receiving 6-h IV infusions of MTX, they
noted that between 3% and 6% of the total urinary excreted dose
was excreted as DAMPA. The authors concluded that this was more
than would be expected from the concentration of impurities found
in the bottle (ranging between 1.1% and 2.9% DAMPA), and that a
large percentage of DAMPA was produced endogenously (and not
due to impurities). But the field focused on the fact that only 3%-6%
of the excreted dose was DAMPA. Thus, from this finding, in can-
cer patients taking intravenous MTX and quantifying urinary levels
of DAMPA, it was extrapolated that microbial metabolism plays a
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minor role, either noted to be less than 5% of the excreted dose in

urine®

45 or 5% of the administered dose.'*¢ But sometimes, what one
finds (or does not find) depends on where one looks. One limitation
of these studies is that microbial metabolism was not assessed in
patients given oral methotrexate and levels of DAMPA in the stool
(presumably where it is produced) were not examined. Given that
MTX was known to be enterohepatically circulated at that time,**®
examining DAMPA levels in the feces might have recovered a greater
contribution of microbial metabolism to MTX pharmacokinetics. In
support of this, Donehower and colleagues also go on to note that
DAMPA is less soluble than MTX; thus, if it is produced in the gut,
it might remain there and not reach the circulation or urine in high
concentrations.

The death knell for studies examining microbial impacts on MTX
metabolism likely came in a study published by Stewart et al.1?
Given the aforementioned limitations, there was some suspicion
that the amount of microbial metabolites was very little (in humans
and mice given IP or IV MTX) and some suspected that the “me-
tabolites” were actually pre-existing impurities in the initial MTX
preparation/infusion bag.'*’ Indeed, Stewart et al in 1986 tested the
abundance of DAMPA in three patients receiving MTX as a chemo-
therapy given IV.*?* They found that only some patients had DAMPA
circulating in their blood and only during some infusions (each pa-
tient received multiple cycles of MTX). This variability was thought
to arise from variability in the MTX preparation. Variability in micro-
biota composition or the impact of chemotherapy on the microbiota
was not known at the time, and therefore not considered. The inves-
tigators went on to test five strains of human gut microbial species
under aerobic conditions for metabolism but did not observe direct
bacterial metabolism. The authors note, “These findings lead us to
the conclusion that the source of DAMPA in patients treated with
high dose MTX is the infusion fluid itself, although we are unable to
say whether the contaminant is present as an initial impurity or as a
breakdown product.” After that publication, few investigators con-
tinued to report on microbial metabolism of MTX or whether it plays
arole in patients taking oral MTX for treatment of autoimmunity.

6.4 | Hiatus in research studies examining
microbial metabolism of MTX

In contrast to the growing use of MTX, the idea that microbial
metabolism could impact MTX pharmacokinetics was largely ne-
glected; as mentioned above, the fact that microbes metabolize
MTX is known by few clinicians. There was little take-up by the
scientific and medical community of these findings, perhaps be-
cause of the small sample size of mice, the limited primary data
presented in the manuscripts, and the challenges with character-
izing the metabolites and accurately distinguishing them from one
another (DAMPA, polyglutamated MTX, and 7-OH-MTX) with
sufficient specificity. Further, we now know that many MTX me-
tabolites co-elute on column-based chromatography systems, and
that higher resolution platforms, such as mass spectrometry are
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required to distinguish between the multiple MTX metabolites.**®
These challenges with early studies of MTX likely contributed to
conflicting results.

Thus, in the intervening years, many review articles reported that
MTX is metabolized by the intestinal microbiota but that this metab-
olism is negligible. For example, Grim report “The drug is metabo-
lized by intestinal bacteria to 4-amino-deoxy-N10-methylpteroic
acid. The metabolite usually accounts for less than 5% of the admin-
istered dose, and is rarely detectable in human plasma and urine.”146
However, these studies were largely based on studies in cancer pa-
tients receiving IV or IP drug and who likely already had been treated
with antibiotics, given that cancer and chemotherapy increase the
likelihood of infections requiring antibiotics. The extent and impact
of microbial metabolism of MTX in patients with rheumatic disease

taking oral MTX was not known.

6.5 | Vivala microbe: revisiting the impact of
microbes on MTX metabolism

After an ~30-year hiatus in studies looking at microbial metabolism
of MTX, we and others began to revive this line of inquiry. Studying
the rat microbiome, investigators'*’ treated male Sprague Dawley
rats with MTX 0, 10, 40, or 100mg/kg via the IP route. Profiling
over 48h, they found MTX in both urine and stool. One technologi-
cal advantage this study had over early studies (which used DEAE

41 immunoassays,125 or HPLCm) was the use of ultra-

ceIIquse,1
high performance liquid chromatography (UHPLC) coupled to mass
spectrometry (MS) to find DAMPA and 7-hydroxy-MTX in the stool,
suggesting that intraperitoneal MTX undergoes enterohepatic cir-
culation. Metabolites were not found in the urine. These studies
confirmed that MTX is metabolized into DAMPA and suggest that
DAMPA in retained in the gut, at least in rats and at the concentra-
tions tested in this study.

Given our observations in rheumatology clinic that patients vary
in their response to oral MTX and that we do not have good ways to
predict response, our group asked if and which human gut microbes
were capable of metabolizing MTX. With multiple advances in mi-
crobiome research, we were able bring multiple model systems to
bear on this question, but many questions still remain.

Because mouse and rat microbial communities are signifi-
cantly different from human microbial communities, we sought
to determine whether human gut bacteria metabolize MTX. First,
we showed that human gut microbial communities could directly
metabolize MTX ex vivo.’>® We incubated fecal samples from 22
treatment-naive RA patients with MTX in an anaerobic chamber.*°
Taking aliquots of the supernatant between 0 and 48 hours, we ob-
served that some microbial communities quickly depleted MTX from
the supernatant and other microbial communities did not, as quanti-
fied by UHPLC-MS and NMR. These studies showed that microbial
communities from different patients vary in their ability to metab-
olize MTX. Further, we tested for an association between ex vivo
metabolism and clinical response to MTX: patients who tended to

clinically improve with MTX were more likely to harbor microbial
communities that slowly metabolized the drug in our ex vivo assay.
Thus, we showed for the first time that complex human gut micro-
bial communities could deplete MTX, that this activity varied across
patients, and that this variation in ex vivo cultures correlated with
clinical response in patients. This might have been the first time that
microbial metabolism of a drug was correlated with a complex com-
posite clinical outcome in patients, as opposed to drug levels or sin-
gle serological markers of disease.

In a subsequent paper, Bustion et al.,>* we screened 45 gut bac-
terial isolates that were representative of the diversity of the human
gut microbiota and identified 10 that could deplete MTX from the
culture media. All were from the Firmicutes phylum, of which we
tested 17, suggesting that at least in this small sample, about ~50% of
Firmicutes can metabolize MTX. Interestingly, this taxon's predom-
inant members tend to be strictly anaerobic and therefore may not
have been easy to study outside of an anaerobic culture chamber/jar.
These studies highlight the challenges experienced by researchers in
the 1980s when they were unable to detect microbial metabolism by
human gut isolates grown under aerobic conditions.*?* Our studies
showed that microbial metabolism by human gut microbes was likely
prevalent across members of the Firmicutes phylum, which is one of
the most abundant phyla in the human gut microbiome.®

However, many questions remain and are the focus of current
studies in our lab. We did not report on the MTX metabolites pro-
duced by human microbial communities and/or whether these me-
tabolites were found in the blood and stool of patients. Recently,
we developed UHPLC-MS-based methods to test and quantify MTX
and metabolites in patient blood and stool. Thus, our initial findings
may be the tip of the iceberg, and future studies uncovering the im-
pact of the microbiome on MTX pharmacology are needed to under-

stand how to tailor MTX therapy in patients.

7 | METHOTREXATE VERSUS THE
MICROBIOME: HOW DRUGS AFFECT BUGS

As noted above, human-targeted drugs may act on microbes, and
there is now ample evidence to suggest that this is the case for MTX.
While MTX may be metabolized by microbes, suggesting that mi-
crobes “see” the drug and unleash enzymes to act on the drug, it is
also possible that MTX acts on microbial machinery to alter micro-
bial physiology. And given that the microbiome is a potent modulator
of host immunity, MTX may exert some of its therapeutic effects
via the microbiome. Below, we consider studies supporting this

hypothesis.
71 | Invitro studies reveal that MTX inhibits
bacterial growth

Studies conducted in the 1940s suggested that MTX acts on bacte-
rial folate pathways to inhibit growth. A group from Lederle Lab (the
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major synthesizer and distributor of MTX) found that MTX (rang-
ing from 1 to 50mg/mL) inhibited growth of Streptococcus faecalis
R as assessed by optical density‘76 Folic acid rescued MTX-induced
growth inhibition. Another group demonstrated that Bdellovibrio
bacteriovorus (an environmental obligate aerobe that preys on Gram-
negative bacteria) growth was inhibited by MTX.}*? These studies
were undertaken at a time when the target of MTX was still not
known and when its spectrum of activity in all three domains of life
was still being determined (although back then, only two domains
were known).

However, some bacterial species were resistant to the growth
inhibitory effects of MTX, and multiple resistance mechanisms
were implicated. Strains of Lactobacillus casei were variably sensi-
tive to MTX; those that were resistant produced large quantities of
DHFR,*® which scientists then leveraged as a source for enzyme
purification and further study. Indeed, purified bacterial DHFR was
instrumental in elucidating the structure of MTX-DHFR interac-
tions.*>* Additionally, multiple laboratory and clinical isolates of mi-
crobes were found to be resistant to MTX. Examples include E. coli,
in which resistance was conferred by efflux pumps that shuttled
the drug out.* Thus, some of the same mechanisms by which can-
cer cells evade MTX were also present in bacteria: shuttle the drug
out, ' amplify the target enzyme,*>3 mutate the target so that it can
no longer be inhibited by MTX,**® upregulate compensatory path-

ways (like folic acid),”® and metabolize the drug.127

7.2 | Human clinical studies suggest that MTX acts
on pathogens and commensals

Epidemiological observations revealed that MTX, in addition to in-
hibiting growth in vitro, could treat or prevent infections in patients,
similar to an antibiotic. A group from St. Jude Children's Research
Hospital noted that “children undergoing therapy for leukemia
acquired infections due to Group A beta hemolytic streptococci
(GABHS) less frequently than normal children. This observation ap-
peared contrary to what might be expected from the immunosup-
pressed hosts with leukemia since these individuals are known to be
highly susceptible to a variety of infectious disease”.*>’ They tested
the in vitro growth inhibitory activity of multiple concentrations of
MTX (ranging between 0.49 and 250 ug/mL) against 10 GABHS iso-
lates as well as common infectious agents, including Pseudomonas
aeruginosa, E.coli, Candida albicans, Staphylococcus aureus, Serratia
marcescens, and a Klebsiella-Enterobacter species. While most strains
were resistant to MTX 250pg/mL, 10 GABHS strains were sensi-
tive, suggesting that at least 1 taxon was sensitive to MTX in vitro.
In vivo, they also showed that MTX delayed or prevented GABHS-
induced mortality in BALB/c female mice (N=5 mice per treatment
group), whereas penicillin did not. These initial findings suggested
that MTX can act on infectious pathogens in vitro and in vivo, and at
least in this one instance, have better efficacy than penicillin.

When full-length 16S Sanger sequencing became widely
available, investigators used it to test the impact of drugs on gut
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microbes. Many of these studies were done in humans or in mice,
making it challenging to ascertain whether the effect of the drug was
directly on microbes or on the host (with subsequent indirect effects
on microbes). For example, investigators158 looked at the effects of
high-dose MTX chemotherapy on the DNA content of fecal samples
collected from 36 pediatric patients with acute lymphoblastic leu-
kemia. DNA content was decreased compared to 36 age-matched
pediatric controls. They also quantified DNA belonging to three
taxa (Bifidobacteria, Lactobacillus, and Escherichia coli) and found that
high-dose MTX reduced abundance after 3days after therapy. Seven
days after therapy, there was partial rebound. These studies suggest
that intravenous high-dose MTX acts on the abundance of at least 3
taxa present in the gut of pediatric cancer patients.

Many of these early studies demonstrated that MTX could act
on human gut microbes, but the full spectrum of activity was not ex-
plored or known. Limitations of the early studies (i.e., before ~2010)
were that they largely focused on a few experimental microorganis-
mal strains, in part because the ability to study anaerobic microbes

was not widely available or easy at the time.

7.3 | Advanced tools reveal broad impacts of MTX
on rodent microbiota

In more recent years, 16S amplicon sequencing has enabled hun-
dreds of bacterial species to be profiled in drug-response studies.
Mouse models of MTX toxicity, which primarily study high doses
of MTX meant to model cancer therapy, have suggested that drug-
induced microbiome changes may mediate drug toxicity. Further,
modulation of the microbiome by dietary restriction**? or supple-

160161 can alleviate mucositis induced by

mentation with probiotics
high-dose MTX. For example, MTX administered intraperitoneally at
1mg/kg every 3days for 2weeks to wild-type specific pathogen free
(SPF) BALB/c mice resulted in monocytic inflammation of the small
and large intestine, increased expression of inflammatory cytokines
(TNFa, IFNy, and IL-1p), and shifts to the microbiota, with decreases
in the Bacteroidiales order.¢° Among these, Bacteroides fragilis was
significantly decreased at day 14, and gavage of mice with B.fragilis
reduced mucositis by histology. Similarly, investigators treated wild-
type BALB/c mice with MTX 50mg/kg every 3days by oral gavage
for 21 days.'®! Mice were supplemented with leucovorin or vehicle
control in drinking water. Leucovorin was found to rescue MTX-
induced changes to the gut microbiota composition. In these stud-
ies, Bifidobacterium longum was decreased by MTX and rescued by
leucovorin, and gavage of B.longum to mice receiving MTX rescued
mice from MTX-induced weight loss and mucositis. A third study*’
evaluated the effects of MTX on community composition of rat mi-
crobial communities and found that the Bacteroidetes phylum was
reduced when rats were treated with MTX 10 mg/kg; notably, the
opposite occurred in rats given 40 mg/kg or 100mg/kg. Further, the
authors examined urine and fecal metabolomic changes in response
to MTX and found a large number (>1000 in urine and > 500 in stool)
of metabolites that were altered at 48hours after treatment. The

85UB017 SUOWILLIOD BAIFeR1D) 3|edlidde au Aq pausenob a8 s3ole YO ‘88N JO S9N oy A%1q17 8UIIUO AB]1M UO (SUOTHIPUOD-PLE-SWWLS}L0D A8 | IMAIq 1 [euUO//ScY) SUORIPUOD Pue swie L 8U388S *[202/90/2T] uo Ariqiauliuo Ao|Im e1uiojieD JO AISeAIUN Aq 8GEET IWITTTT OT/I0p/W00 A3 Im" Akeiq 1 puljuo//:Sdny Wod papeojumod ‘0 *XS90009T



NAYAK and ORELLANA

® L wiLey Immunological Reviews

findings demonstrate the pervasive effects of MTX on mouse and
rat gut microbiota.

While knowledge that MTX may act on some microbes has been
established, the hypothesis that MTX may act on the microbiota to
modulate host immunity had not been specifically tested. This is in-
teresting, given that historically, RA and other autoimmune diseases
were thought to be infectious in etiology. This was supported by
the fact that drugs like minocycline, sulfasalazine, hydroxychloro-
quine, and cotrimoxazole (trimethoprim/sulfamethoxazole) worked
to alleviate RA symptoms. However, this hypothesis fell out of favor
when an infectious agent could not be identified and the disease
did not fulfill Koch's postulates.'®> However, in more recent years,
microbiome-focused studies in RA populations found associations
of gut microbial changes in response to therapy in RA, but whether
these were causal or correlative (i.e., reduced inflammation in the
host leading to changes in microbiota composition) could not be de-
termined from observational patient cohorts.”>? Thus, few studies
tested whether the therapeutic effects of MTX were mediated by

the microbiota.

7.4 | Multiple model systems reveal broad
impacts of MTX on human microbiota

Because rodent microbial strains differ from those found in humans,
our group sought to understand how human gut microbial communi-
ties respond to MTX and how this might impact host immunity.95
We found that MTX variably and directly perturbs the growth of
human gut bacteria at physiological concentrations. To test this and
to determine which specific human gut bacteria are directly affected
by MTX, we individually treated 45 diverse bacterial species that
are commonly found in the human gut with 10 concentrations of
MTX in vitro and measured growth by optical density.95 One com-
mon measure of microbial drug sensitivity is the minimal inhibitory
concentration (MIC), which is defined as the lowest concentration
of MTX needed to inhibit >90% growth. We found that this varied
among species and ranged across the full gradient, with 11 isolates
resistant to the maximum concentration tested. Relative to other
phyla, members of the Bacteroidetes phylum tended to be sensitive
to MTX. The estimated concentration of MTX in the proximal gut
(10-100pg/mL) would be sufficient to inhibit 11%-33% of the tested
isolates.”® Thus, MTX directly affects growth of bacteria at physio-
logical concentrations, and sensitivity to MTX varies among bacterial
species. Further, when we examined effects on the transcriptomes
and metabolomes of bacterial species in vitro, we found that MTX
induced profound transcriptomic and metabolomic changes, even
in isolates that did not show any growth defects. These studies re-
vealed that MTX acts on purine and pyrimidine pathways in human
gut bacterial species, but many other pathways were affected as
well.

In addition to these direct effects in vitro, we found that, in vivo,
MTX altered community composition of human gut microbial com-
munities in humanized mice (i.e., mice colonized with human gut

microbiota).”” In germ-free mice colonized with microbial commu-
nities with a healthy human donor, MTX caused dose-dependent
shifts in community composition. These controlled studies in non-
diseased mice suggest that changes are due to MTX and not dis-
ease or other factors. Among the 80 taxa that were differentially
abundant upon MTX treatment, there was a propensity for the
Bacteroidetes phylum to be sensitive to MTX. The Bacteroidetes
phylum is one that encompasses hundreds of species and that often
represents 40%-50% of the species in the human gut microbiome.
This finding was in alignment with what we observed in vitro, where
Bacteroidetes tended to be sensitive to MTX. We tested this effect
in multiple additional mouse studies with small variations (i.e., mi-
crobiota from different human donors including RA patients, altered
housing conditions, and different route of administration). In all ex-
periments, MTX altered community composition. The bacterial taxa
that were differentially abundant partially depended on the donor
community, emphasizing the highly personalized nature of the gut
microbiota, but we also found >50 bacterial species detected in mul-
tiple donors that were reproducibly altered by MTX, including prev-
alent and abundant species such as Bacteroides thetaiotaomicron and
Bacteroides ovatus.”®

When we next turned to RA patient cohorts (N=23), we found
that MTX altered gut microbial community composition and that
these shifts were associated with clinical response.”® We found that
patients with new-onset RA starting MTX treatment exhibited shifts
over time (between 0 and 1 month after therapy). When comparing
those that clinically responded to MTX (MTX responders, or MTX-
R) to those that did not (MTX-non-responders, MTX-NR), we found
that a favorable clinical response was associated with a decrease in
the Bacteroidetes phylum, similar to what we observed in vitro and
in vivo in mice.”® These findings suggest that MTX response is as-
sociated with specific shifts in the human gut microbiota. This led
us to test the novel hypothesis that MTX acts on gut microbiota to
alleviate host inflammation.

Using fecal microbiota transplants in gnotobiotic mouse mod-
els of inflammation, we found that MTX reduces the inflamma-
tory potential of gut microbiota. Given the above multiple findings
that human gut microbes are directly affected by MTX, we sought
to determine whether MTX exposure reduces the inflammatory
potential of gut microbial communities.”® To do this, we obtained
MTX-exposed and MTX-nonexposed (pretreatment) microbial com-
munities from RA patient donors; these communities were trans-
planted into germ-free mice and host immunity was quantified in
unchallenged (“non-inflamed”) and challenged (“inflamed”) states.
Germ-free mice were colonized with pre- and posttreatment stool
samples from three MTX-responders with the largest decrease in
Bacteroidetes phylum levels, given the association of this phylum
with clinical response. Each colonization group was split into unchal-
lenged and challenged subsets, using dextran sodium sulfate (DSS)
as an inflammatory challenge. Immune populations in the spleen,
small intestine, and colon were examined. In unchallenged mice, 3
immunocyte populations were lower in the post-MTX relative to
pre-MTX recipients (B cells and Tregs) and 1 population was higher
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(myeloid cells). In mice challenged with DSS, 7 immunocyte popula-
tions were significantly lower (B, myeloid, activated T, Th1, and Th17
cells) and 1 higher in post-MTX recipients.95 Taken together, these
results suggest that MTX exposure in patients reduces the inflam-
matory potential of gut microbes.

In summary, drugs used to treat autoimmunity can have effect
on gut microbial communities. These off-target effects on microbes
may mediate some of the therapeutic properties of drugs used to
treat autoimmunity. Multiple RA patient studies further support this
hypothesis, demonstrating that MTX response is predicted by gut
microbiota composition and function.”*>t5%163 Elucidating the under-
lying mechanisms will pave the way for microbiota-based therapies.

8 | VARIATIONS ON A THEME: MANY
DRUGS USED TO TREAT AUTOIMMUNITY
INTERACT WITH MICROBES

MTX is just one of many anti-rheumatic drugs that interact with
human gut microbes. In study profiling 1197 drugs,?’ the following
common rheumatology drugs were tested for growth inhibitory ac-
tivity against 40 human gut species: MTX, azathioprine, leflunomide,
sulfasalazine, allopurinol, and cyclophosphamide. Of these, MTX
affected growth of 12 species, azathioprine affected 7, and leflu-
nomide affected 2. While the others did not affect growth at the sin-
gle concentration tested, perhaps trials with higher concentrations
might reveal effects. Often, we do not know the drug concentra-
tions experienced by microbes in the gut.1®* Another study tested
multiple concentrations of MTX, sulfasalazine, and aurothiomalate
against 12 oral microbiota-associated species, and found that all
three affected species in vitro, albeit some at high concentrations.*%’
These studies reveal that multiple antirheumatic drugs can act on
human gut microbes to affect growth and likely other finer-grained
phenotypes, such as transcription and metabolism.

Human gut microbes also metabolize multiple anti-rheumatic
drugs. In a study profiling 271 drugs tested against 76 human gut
bacterial species, the following drugs were depleted from the media
in the presence of microbes: sulfasalazine (as expected, since this
drug was designed to be metabolized by bacteria), mycophenolate,
febuxostat, colchicine, betamethasone, dexamethasone, indometh-
acin, ketorolac, and etodolac.?® Another study testing 438 drugs
incubated with complex human gut microbial communities ex vivo
revealed that allopurinol and azathioprine were depleted by gut
microbes.”® Hydrocortisone and mycophenolate mofetil were also
transformed by gut microbiota. Thus, multiple oral immunosuppres-
sive drugs are metabolized by human gut microbes.

However, knowledge of drug-microbiota interactions in autoim-
munity is still at its infancy and many outstanding questions remain.
Many antirheumatic drugs are given in combination to patients, and
few studies have examined combinatorial effects of drugs. Previous
studies?®”® laudably tested multiple drugs for metabolism, but the
precise metabolic products and their bioactivity remain open ques-
tions. Importantly, these studies largely focused on drug-microbiota
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interactions, but for many of these, the clinical impact on the host
remains largely unknown. Thus, more studies likely are warranted to

understand drug-microbiota interactions in autoimmunity.

9 | CHALLENGES WITH STUDYING
MULTIPLE COMPLEX SYSTEMS

Dissecting the impacts of the microbiome in treating autoimmun-
ity is complex because much remains unknown about the micro-
biome, the host immune system, and clinical autoimmunity. As for
the microbiome, advances in high-throughput screening of bacte-

166,167 genetic manipulation of microbes,®® comparative

169

rial genes,
genomics,'® and metabolomics*®? are beginning to uncover un-
known genes, proteins, and microbial products. The same is true
for immunity—advances in single cell technologies reveal novel cell
states, suggesting that the classic distinctions between Thi, Th2,
immunocyte populations are hazier than previously surmised.}”?"172
And clinical rheumatology grapples with disease heterogeneity, lack
of well-defined biomarkers to quantify disease activity, a workforce
that needs expansion to keep pace with the growth in autoimmune
disease, and a fragmented patient population that lacks access to

h.1”® Moreover, unlike dia-

academic centers to participate in researc
betes or cancer, there is no single diagnostic test that can be used to
diagnose rheumatologic disease or to monitor its progress, severity,
and improvement. Instead, rheumatologists use composite scores
or indices to quantify disease.”’*176 These composites include both
physician- and patient-reported measures, such as tender joints
(reported by the patient) and swollen joints (assessed by the physi-
cian). Such patient-reported measures represent symptoms that we,
as a scientific community, have not yet figured out how to quan-
tify longitudinally using lab tests. Thus, there is the opportunity to
find microbiota-based features that are highly correlated with pa-
tient outcomes or physician scores; these biomarkers may be easier
to systematically leverage in future clinical studies. They may also
provide mechanistic insight into problematic symptoms that we cur-
rently lack blood markers for.

These challenges serve as a clarion call: we need a well-trained
scientific workforce that is bold enough to tackle these challenges;
we need institutional stakeholders that are committed to facilitating
the development of microbiome-based medicines. There is a need
for such discovery because the number of patients with autoimmune

disease is growing and impacts all ages, races, and cultures.

10 | MICROBIOME MEDICINE

While mounting evidence suggests that the microbiome may impact
the onset, progression, and treatment of disease in humans, essen-
tially none of our current therapies intentionally target the micro-
biota. Thus, we have an opportunity to develop substantively novel
therapies if we elucidate the mechanisms by which the human gut
microbiota contributes to the treatment of autoimmune disease. We
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posit that, in addition to acting on the host immune system, immuno-
suppressive drugs act on gut microbiota to alleviate autoimmunity.
Deciphering the underlying mechanisms of how current therapeu-
tics act on the microbiota to alleviate disease may lead to the identi-
fication and targeting of microbes, their proteins, or metabolites that
contribute to or exacerbate autoimmunity. Thus, instead of broadly
immunosuppressing patients, we can develop therapies targeting
facets of the microbiota that contribute to disease.

There are multiple microbiome-based therapies that can be em-
ployed. These include diet,Y”” supplements, probiotics, fecal micro-
biota transplant, vaccination targeting specific microbes,”® CRISPR

8 and small-molecule

editing to target specific microbial genes,’
therapies targeting microbes.}”’ Reducing microbial metabolism of
existing drugs might be easily achieved by providing supplements
that regulate microbial catabolic pathways. Further, if we under-
stand how microbes “talk” to the immune system to incite inflamma-
tion, we may be able to develop drugs targeting microbial effectors

mediating this communication.*®°

11 | CONCLUDING REMARKS

Here, we reviewed the impact of the gut microbiome on the treat-
ment of autoimmunity, and the many mechanisms by which mi-
crobes may modify therapeutic outcomes. Microbes interact with
therapeutic drugs, either by affecting them (i.e., their pharmacology)
or by being affected by them. Microbes shape host immunity and
likely contribute to autoimmunity. Many drugs used to treat autoim-
munity are taken orally and interact with human gut microbes; now
we have the tools to look at these interactions with a new lens. We
took an in-depth look at a widely used immunosuppressive drug,
methotrexate (MTX), which revealed how an important drug that
has been studied for decades continues to provide new insights into
drug-microbiota-autoimmunity interactions that have strong impli-
cations for advancing precision medicine.

Finally, though there is still much to learn, the outlook for mi-
crobiome medicine is bright and holds great promise. While study-
ing three complex systems with many unknowns seems daunting,
advances in technology make this an opportune moment in history
to understand the mechanisms that underlie drug-microbiota-auto-
immunity interactions. Understanding these interactions represents
an opportunity to (1) derive greater benefit from existing therapies
in autoimmunity, (2) target immune-inciting microbial products with-
out broadly immunosuppressing patients, (3) uncover microbiota-
mediated mechanisms of autoimmunity, (4) and tailor therapies for
patients with autoimmune disease. Studies aimed at addressing
these goals will advance care for the millions of patients globally suf-
fering from autoimmune disease.
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