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The challenges and opportunities in the expanding horizons of microbiota
transplant therapies

Microbiota-based therapeutics require well thought-out and nuanced regulatory policies

Over the last decade, fecal microbiota transplantation (FMT), long relegated to the periphery of medical
practice, has emerged as a mainstream therapeutic option for the increasingly common and difficult
challenge of recurrent Clostridioides difficile infections.” The US Food and Drug Administration (FDA)
has taken an early notice of this development. In May 2013, at a public workshop, the FDA announced that
it classified FMT as a drug and a biologic (an unapproved drug at the time). This regulatory decision has set
off a race among several drug companies to introduce a first-in-class FMT-based product to capture early
advantages in claiming market share and patent exclusivity. Until then, the FDA had introduced an
‘enforcement discretion’ policy, which allowed FMT to be used for treatment of C. difficile infections not
responding to antibiotics alone. During this period, the regulation of FMT in Europe has been fragmented
and highly variable among individual countries, ranging from no regulation to that of a human cell or tissue
product (HCT/P) to a medicinal product. However, after a prolonged deliberative process that included
extensive input from multiple stakeholders, the European Union has implemented the Substances of
Human Origin (SoHO) Regulation, which includes fecal microbiota along with breast milk and other
substances or cells derived from the human body, living or not.

In this issue of Gut Microbes, Hoffmann and colleagues review the contrasting histories of FMT
regulation in the US and Europe.’ The implications of regulatory decisions have had a major impact on
patient care and the development of FMT-based therapeutics. In the US, approval of FMT-based ‘drugs’ led
to cessation of distribution of FMT material by OpenBiome, a nonprofit that for a decade was the major
source of centrally produced cryopreserved fecal microbiota under a policy of ‘enforcement discretion.’
Unfortunately, the high cost of the FDA-approved commercial products and patchy insurance coverage
have limited their uptake in clinical practice. In addition, most pediatric patients and those with severe and
fulminant C. difficile infection lost access to FMT because FDA restricted commercial product approval to
prevention of C. difficile infection recurrence, rather than treatment, and use in adults only. Poor product
performance in the marketplace and ongoing litigation between different drug companies over intellectual
property associated with FMT-based products have also dampened investor interest in the development of
microbiota-based therapeutics. Furthermore, the hard-wired manufacturing processes inherent to the drug
approval process have limited further innovation.*

In contrast to the FDA, the European SoHo Regulation has tried to ensure the greatest patient access to
FMT, while preserving the potential for FMT-based medicinal product development. In addition, while the
FDA has emphasized the standardization of the processing steps in manufacturing, the European SoHo
Regulation highlighted donor safeguards and volunteer participation. Some of the most common questions
asked by patients do pertain to donor selection processes. Notably, although approval by regulatory agencies
is reassuring to most patients, clinical providers are also increasingly faced with skepticism and questioning
of authority.” In the current issue, Kabage and colleagues describe the unique logistical and ethical
challenges associated with the management of stool donor programs.® The demands placed on stool donors,
including rigorous testing regimes and scheduled supervised donations, are intense. However, using
monetary inducements as the major tool for donor recruitment and retention creates a moral hazard that
can compromise the integrity of the stool donor program. Independent, nonprofit organizations that engage
with stool donors as partners in pursuing humanitarian goals may be better suited for building stool donor
programs. Hopefully, as the field continues to grow and mature, best practices will also develop alongside,
just as they have in the sphere of blood banking.
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Complexity of FMT is a ‘feature not a bug’ of the live biotherapeutics products class of drugs

The FDA designation of FMT as a drug has generated a certain sense of befuddlement among investigators
and clinical providers. After all, the human gut microbiota is integral to its host physiology and adapted to
its host through co-evolution. Of course, all live biotherapeutic products, including FMT, are fundamentally
different from traditional drugs, such as small molecules and protein biologics. Understanding their
pharmacology requires the incorporation of previously distant scientific disciplines, such as microbial
ecology, and a revision of the standard germ theory of disease to allow entire microbial communities,
rather than individual microbes, to play major roles in disease pathogenesis.

The compositional complexity of FMT clearly sets it apart from traditional drugs. While this complexity has
been unsettling for some investigators and regulators, it mirrors the natural state of fecal microbiota, enabling
adaptation and resilience to environmental changes and insults. Currently, there is no evidence that simple
defined microbial consortia can outperform FMT in any specific clinical scenario. Sufficient early engraftment
of a few chosen bacterial strains may be able to block the recurrence of C. difficile infection by engaging critical
mechanisms, such as restoration of secondary bile acid metabolism and short-chain fatty acid production.”
However, this approach relies more heavily upon (unregulated) environmental sources to replenish missing
microbes in the antibiotic-depleted microbiome.*’ Unfortunately, healthcare-associated environments harbor
reservoirs of antibiotic-resistant pathobionts that may exploit such vulnerabilities.*'* Long-term studies are
needed to compare the microbiome content of antibiotic resistance genes and virulence factors in patients
treated with simple therapeutic microbial consortia versus complete donor-derived communities.

An opposing strategy to defined consortia aimed at achieving compositional uniformity has been mixing
donations from multiple donors in preparation of FMT material.'"'* This approach allows for greater consis-
tency in relative abundances among major bacterial taxa and ensures the presence of the desired microbial
groups. Interestingly, although the microbial richness of FMT preparations made from pooled donations is very
high, it quickly becomes comparable to the level measured in individual donors.'” This observation suggests that
there are severe ecological and physiologic constraints on the microbial diversity in the human gut, which may be
driven by inter-strain competition, composition of nutrient flow, immunologic, and other still unsuspected
factors. Whether the resulting microbial community, which is composed of the fittest survivors, is functionally
superior in terms of its resilience and benefits to the host, remains an open question.

Development of FMT-based drugs requires a pharmacologic framework

Despite the pronounced differences in the intrinsic complexity of FMT-based products relative to tradi-
tional drugs, the pharmacological framework remains essential for the advancement of this new frontier in
therapeutics development. This framework encompasses different aspects of the formulation and route of
administration (pharmacy), the fate of the drug in the body (pharmacokinetics), the body response to the
drug (pharmacodynamics), as well as considerations of drug-drug interactions and toxicities (Figure 1).
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Figure 1. Elements of pharmacology. safe and effective use of any drug requires knowledge of its drug composition and
formulation, including the excipients (pharmacy), understanding of its pharmacokinetics and pharmacodynamics, potential
toxicities and drug-drug interactions. Pharmacotherapeutics is the integration of all these elements, which enables the
clinical provider to administer the drug safely, effectively, and rationally to achieve the desired therapeutic outcome.
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A common criticism of FMT is its lack of standardization, which includes both the natural variation in
microbiome composition among healthy individuals as well as differences in preparation protocols.
However, while FMT does not allow compositional uniformity of the formulation, preparation of FMT-
derived products can be standardized and operationalized using Good Manufacturing Practices protocols.
Microbiota can be purified from stool and quantified in terms of the number and viability of donor
microbes. FMT can be formulated as cryopreserved liquid suspensions or freeze-dried preparations,
using cryo- or lyo-protectants, respectively.'>”'*> Oral administration allows easier repeated administration,
which is increasingly used in protocols targeting non-C. difficile indications. In addition, varying the
characteristics of capsule disintegration can be used to target different parts of the gastrointestinal tract.

At first glance, the basic elements of drug pharmacokinetics - Absorption, Distribution, Metabolism,
Excretion - seem to be a poor fit for FMT or any live biotherapeutic products targeting the gut microbiome
(Figure 2). Traditional drugs are metabolized and eliminated after entering the body. In contrast, FMT
generally leads to (1) sustained colonization of the gut by donor microbial strains, (2) introduction of new
functional traits due to acquisition of new genes, (3) differential distribution of donor microbes within the
various microenvironment of the gastrointestinal tract, and (4) ultimate adaptation of donor microbiota to
the new host environment driven by strain competition and exchange of mobile genetic elements. Thus, a
comprehensive description of the pharmacokinetics of FMT and all live biotherapeutic products should
ultimately include the following basic elements: Engraftment, Metagenome, Distribution, Adaptation
(Figure 2), which mirror the classic ADME parameters.

Pharmacodynamics refers to the mechanistic understanding of the effects of a drug on the body.
Investigations of FMT pharmacodynamics may include functional effects on the microbiome itself, e.g.,
content of antibiotic resistance and virulence factor genes, as well as the effects on the host physiology
(Figure 3). The gut microbiome is an organ-like structure in the body that produces metabolites that
interact with the enteric and central nervous systems,'® affect production of incretin hormones, e.g., GLP-
1,'""'* and calibrate systemic and mucosal immune responses."® Detailed understanding of how FMT or
other live biotherapeutic products can beneficially engage these mechanisms is critical to the development
of next-generation therapeutics. Conversely, understanding of gut microbiota-host interactions can also
minimize potential toxicities of FMT-based interventions, which may not be limited to the possibility of
introducing potential pathogens.*’

Finally, as with any therapeutics, clinicians need to consider potential drug-drug interactions. Some of
these may seem obvious, e.g., co-administered antibiotics may negate FMT benefits. However, given the
potential roles of the gut microbiome in the metabolism of many drugs,*"* clinicians may need to consider

Small molecules or biologics Live Biotherapeutic Products
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Figure 2. Pharmacokinetics of live biotherapeutic products. The classical adme parameters (absorption, distribution,
metabolism, elimination) used to describe the pharmacokinetics of traditional drugs, including small molecules and protein
biologics, are not well-suited for live biotherapeutic products. A modified set of criteria (emda) is proposed here, which
stands for engraftment, microbiome, distribution, adaptation. engraftment measurements can be considered at the level of
the donor microbial community or individual microbial strains of interest. ‘Metagenome’ refers to the collective genetic
material associated with the donor microbiota. It is also important to understand the distribution of donor microbiota
within the various complex microenvironments of the gastrointestinal tract, which cannot be fully captured by analyzing
fecal samples alone. Finally, the donor microbes may undergo adaptation to the new environment. For example, bacterial
donor strains may alter their pattern of gene expression or acquire new traits via horizontal gene transfer. The figure was
created with BioRender.com.



4 (&) EDITORIAL

Diet . N
A / Modulation B Diet Modulation
4 of the & of the
3 A lemune “,& 4 \mmune
N esponses .
Ao . P S = Responses
MO, o] -
L) - —— e
N . 'Q ¥ Microbial k] ® = K& 2R " ¥ Microbial
- g Metabolites \ > . Metabolites
Ll - o T P
~ Microbiota i~
. - Transplant . by
Gut Microbiome r Gut Microbiome r
1\ ] Q Energy 1\ ] ) Energy
1‘ . 1‘ Metabolism, 1‘ . ’ﬂ‘ Metabolism,
’H‘ T ‘i‘ e.g., myokines, 1\ T 1‘ e.g., myokines,
’H* 1‘ incretin 1\1\1\ incretin
1\ hormones hormones
Social Social
Interactions Interactions

Figure 3. Pharmacodynamics of live biotherapeutic products. A. The gut microbiome interacts with various aspects of the
host physiology via signaling delivered by microbial metabolites and direct stimulation of immune receptors. Conversely,
the host responses impact the functions of the gut microbiota. Diet and exercise modulate the relative abundances of
different microbial taxa and their activities. New microbial strains enter from the environment, e.g., diet and social
interactions, and compete with the indigenous microbiota. However, while these environmental influences affect the
activity of the microbiota, they have only minor effects on the microbiome composition. B. transplantation of the donor
microbiota from a healthy donor restructures the gut microbiome. Some indigenous bacterial strains, including those with
high burden of antibiotic resistance and virulence factor genes, are eliminated via competitive niche exclusion and other
mechanisms. The restructured microbiome delivers new signaling along the many axes of microbiota host interactions.
These effects occur in the context of continued environmental inputs. Adjunctive measures, such as diet, physical activity,
and household environments may contribute to the success of microbiota transplant therapies in ensuring the stability and
optimal functionality of the new microbiome. The figure was created with BioRender.com.

the possible impact of FMT on other medications with a narrow therapeutic index, e.g., warfarin, organ
transplant anti-rejection medications.”** The data on these potential interactions remains very limited and
observational. However, it may be prudent to consider the possibility of such interactions and implement
closer monitoring of certain medications.

Evolving DNA computational and sequencing technologies are being employed to
characterize FMT pharmacokinetics

FMT may be viewed as a collision of donor and recipient microbial communities, which takes place in a
space that is also open to microbes in environment. The resulting complexity creates a formidable challenge
for characterizing and quantifying the FMT pharmacokinetics. Several papers in this issue of Gut Microbes
address this fundamental problem. Herman and colleagues describe the common basic framework of the
current approaches and highlight three major features: Community Coalescence, Indicator Feature tracking,
and long-term Resilience.”” Most of the pharmacokinetic investigations of FMT interventions continue to
center their investigations on community-level changes in the microbiome and tracking donor microbiota
over time. However, individual microbial strain dynamics within intestinal ecological micro-niches may
deviate substantially from the community averages, and Jeremiah Faith discusses progress being made in
tracking the dynamics of individual donor strains.*® Currently, there remains an urgent need for efficient
and accurate methods in tracking donor microbiota engraftment over time. In this issue, Hoops and
colleagues describe a new cost-efficient analytic pipeline, MAGEnTa, which uses metagenome-assembled
genomes directly from donor and pre-treatment metagenomic data, without relying on an external
database.”” This new tool should prove useful in tracking both community and strain engraftment
dynamics.

The sequencing technologies and bioinformatic analytics for studying microbial communities continue
to advance rapidly. Some of the next-generation methodologies, such as long-read metagenomics, high-
throughput chromosome conformation capture (Hi-C or proximity ligation shotgun metagenomics), and
droplet digital PCR, enable improved genome assembly, taxonomic resolution, linkage of genes to their
microbial hosts, and accurate quantification of specific sequences. In this issue of Gut Microbes, Bryson and
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colleagues applied proximity ligation shotgun metagenomics to track the donor bacteria and associated
plasmids and bacteriophages in a cohort of patients treated with oral capsule FMT for recurrent C. difficile
infection.”® In contrast to traditional shotgun metagenomics, which relies on indirect sequence-based
evidence to infer associations between extrachromosomal elements and specific bacteria, this technique
directly links genes to their specific bacterial hosts by physically cross-linking DNA molecules close to each
other within cells prior to digestion and sequencing of the chimeric DNA fragments. The enhanced level of
resolution should be helpful in tracking the dynamics of functional trait acquisition by specific bacterial
hosts encoded by phages and plasmids in the context of FMT. One example of a potential application could
be the analysis of FMT-associated shifts in the resistome and mobilome linked to clinically important
bacterial taxa, such as Extended-Spectrum Beta-Lactamase-producing Enterobacteriaceae and
Vancomycin-Resistant Enterococci.

Mechanistic understanding is necessary to develop FMT into next-generation therapeutics

The growing appreciation of the roles that the gut microbiome plays in host hormonal metabolism,
calibration of immune responses, and modulation of neurologic development and function has generated
considerable interest in FMT beyond treating difficult C. difficile infections. However, restructuring an
intact but potentially dysfunctional (or ‘dysbiotic’) microbiome to a healthier composition is a more
challenging objective than merely restoring a depleted microbiome in patients with recurrent C. difficile
infections. Achieving this will require the development of next-generation live biotherapeutic products and
the establishment of effective usage protocols. Various FMT-based clinical trials have the potential to
provide deeper mechanistic insights, next-generation product development, even though it remains unclear
whether they will retain FMT complexity or emerge as defined and limited consortia of specific bacterial
strains.

Progress depends on constructing effective FMT protocols that yield signals of clinical benefit or at least
promising changes in relevant biomarkers. Several manuscripts in this issue of Gut Microbes explore certain
variables pertaining to FMT protocol design, including donor and recipient selection, FMT dosing, and
adjunct therapies, such as diet.””** Notably, although greater engraftment of donor microbiota is often a
reasonable initial objective, there is not always a good correlation between the extent of engraftment and
clinical outcomes.” Thus, deep mechanistic understanding of microbial community dynamics and micro-
biota-host interactions is going to be critical in the journey toward more effective live biotherapeutics. Two
manuscripts in this issue undertake an in-depth mechanistic exploration of microbiota-based therapeutics
development. Barrios Steed and colleagues consider opportunities in using non-antibiotic therapeutic
strategies, including FMT, in reducing the growing threat posed by multidrug-resistant organisms.>*
Nagayama and colleagues build their vision of precision microbiota therapies for inflammatory bowel
diseases through the synthesis of descriptive microbiome studies and analysis of FMT trials.*

Microbiota transplant therapies emerge as the next chapter in FMT development that
targets indications beyond C. difficile infections

The demonstration of donor microbiota engraftment in a patient with recurrent C. difficile infections led to
a rapid adoption of the term ‘Fecal Microbiota Transplant’ or ‘EMT.***” The term has experienced multiple
challenges. ‘Fecal Microbiota Transfer’ was preferred by some to emphasize the uncertainty over the extent
of donor microbiota engraftment and the mechanisms of action.® ‘Intestinal Microbiota Transplant’ (IMT)
was proposed as an alternative to avoid the nonsensical versions such as ‘Fecal Transplant’ (‘Fecal’ merely
describes the source of the donor microbiota), ‘Stool Transplant,” and various scatological derivatives that
sometimes enter clinical practice.’® Nevertheless, the term ‘FMT” has remained resilient. In fact, although
engraftment of donor microbiota is only partial even in patients with recurrent C. difficile infection, the
repair of antibiotic-induced microbiome depletion is both rapid and dramatic, while the term ‘transplant’
acknowledges the critical contribution of human stool donors and encompasses many elements of trans-
plantation medicine and.

Importantly, although a single administration of FMT is highly effective in breaking the recurrence cycle
of C. difficile infection, much more complex protocols are increasingly being used in FMT-inspired
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Table 1. Fecal microbiota transplant (fmt) versus microbiota transplant therapy (MTT).

FMT MTT
Source of Human donor stool Human donor stool
microbiota
Regimen One or two administrations of Complex regimen that may include one or more additional elements, such as intentional
donor microbiota antibiotic conditioning, bowel purgative, repeated administrations of donor microbiota,
and adjunctive prebiotic supplements or dietary therapies
Indication Primarily C. difficile Infections Most non-C. difficile indications’
Recipient Severely depleted by antibiotics Variable antibiotic exposure during the preceding clinical course
microbiota
Target Colon microbiota Various compartments within the gastrointestinal tract and different host organ systems
Donor Any healthy donor without recent  Donor selection besides qualifying health criteria is likely to play a significant role in
selection antibiotic exposure achieving clinical benefit

Mreatment of fulminant C. difficile infections typically requires multiple sequential administrations of donor fecal microbiota.

strategies targeting the gut microbiome for most other indications. In fact, the decimated microbiota in
patients with recurrent C. difficile infections is almost unique in the extent of repeated and intentional
antibiotic treatments prior to the infusion of donor microbiota. Thus, a single FMT is typically sufficient to
achieve substantial engraftment of donor microbiota and clinical cure. However, antibiotic conditioning
and/or repeated administrations of donor microbiota markedly enhance restructuring of the microbiome in
most non-C. difficile conditions.> In addition, the extent of donor microbiota engraftment does not always
correlate with clinical benefits,” and additional mechanisms, e.g., stimulation of immune receptors during
the passage of donor microbiota, may play important roles in mediating clinical effects.*’

Kang and colleagues originally proposed a new term, ‘Microbiota Transfer Therapy’ or ‘MTT, in their
initial autism trial.*' The group has since modified it to ‘Microbiota Transplant Therapy.”** The common
and distinguishing features of FMT and MTT are summarized in Table 1. The term ‘transplant’ in ‘MTT’
acknowledges the elements of transplant medicine in using human donor microbiota, while the term
‘therapy’ captures the complexity of the regimen. The protocol described by Kang et al. includes initial
conditioning with vancomycin, which builds on an early observation of transient improvement in beha-
vioral symptoms in patients with regressive-onset autism,*> which is then followed by a purgative step to
wash out the antibiotic, a loading dose of donor microbiota, and a prolonged administration of a low-dose
maintenance donor microbiota regimen. Future development of MTT for autism may include optimizing
dosing regimens optimization and adjunctive nutritional measures to favor microbiota most beneficial to
the host.

While the mechanistic objective of MTT in autism may be restructuring the gut microbiome to alter the
production of neuroactive microbial metabolites in the gut, the mechanistic objective in other indications
may be entirely different. For example, in hepatic encephalopathy it may be greater lactulose utilization and
elimination of ammonia. In patients undergoing checkpoint immunotherapy, it is enhanced anti-tumor
activity without triggering checkpoint inhibitor colitis. In infectious disease, it may be decrease in the
burden of multidrug-resistant organisms in the gut. Each indication is likely to have a different MTT
regimen that is personalized to the clinical objective and individual patient factors..
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