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ABSTRACT

Microbiota transplant therapy is an emerging therapy for inflammatory bowel disease, but factors
influencing its efficacy and mechanism remain poorly understood. In this narrative review, we
outline key elements affecting therapeutic outcomes, including donor factors (such as age and
patient relationship), recipient factors, control selection, and elements impacting engraftment and
its correlation with clinical response. We also examine potential mechanisms through inflamma-
tory bowel disease trials, focusing on the interplay between the microbiota, host, and immune
system. Finally, we briefly explore potential future directions for microbiota transplant therapy and

promising emerging treatments.

Introduction

Fecal microbiota transplantation, also known as
microbiota transplant therapy (MTT), is the trans-
fer of microbiota from the stool of one donor to
a recipient to treat human disease. The concept of
microbiota was first conceptualized by the Roman
scholar Marcus Terentius Varro in 30 B.C. when he
wrote about small creatures that could not be
visualized but could cause disease; however, the
first MTTs, referred to as yellow soup, were per-
formed during the fourth century in China to treat
gastrointestinal illnesses." This ancient form of
MTT preceded the 17" century discovery of micro-
scopic life, animalcules,” described by Antoine van
Leeuwenhoek. The first modern MTT was per-
formed in 1958 to treat patients with pseudomem-
branous enterocolitis.” Since then, scientists and
physicians have made great strides in understand-
ing how MTT may treat a variety of diseases. And
although it has been around for more than one and
a half millennia, its mechanisms remain elusive.
This review summarizes the factors that may con-
tribute to clinical response following MTT in
inflammatory bowel disease (IBD) patients. We
prefer the term MTT, rather than fecal microbiota
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transplant, to account for the transfer of micro-
biota, which as this therapy evolves may not
involve the entire fecal microbiome and, in the
future, may not be directly harvested from stool.

Host response to microbiota transplant therapy
in inflammatory bowel disease

Clinical outcomes for ulcerative colitis

A Cochrane review published in 2023* evaluated
the efficacy of MTT for ulcerative colitis (UC) and
Crohn’s disease (CD) based on its ability to induce
and maintain clinical remission and endoscopic
remission. For induction of clinical remission in
UC, 468 participants across 10 randomized con-
trolled trials (RCTs) were evaluated over 6-12-
weeks; MTT had a relative risk (RR) of 1.79 (95%
CI 1.13-2.84), although the certainty of evidence
was low due to small individual trial size and
heterogeneity.* Five RCTs including 285 partici-
pants evaluated MTT for induction of endoscopic
remission in UC between 8 and 12 weeks, finding
an RR of 1.45 (95% CI 0.64-3.29) favoring MTT
with low certainty of evidence.* Individuals who
received MTT were less likely to have adverse
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events (0.56, 95% CI 0.28-1.14), although with
a very low certainty of evidence.” Less data exists
for maintenance of remission, and only two RCTs
including 71 participants were evaluated. Over
48-56 weeks, MTT had an RR of 2.97 (95% CI
0.26-34.42) versus placebo for maintenance of
remission in UC.* The RR for any adverse events
for MTT in maintenance of remission of UC was
1.16 (95% CI 0.85-1.59), favoring the control
group, with very low quality of evidence; they
were unable to estimate the risk for serious adverse
events.”

Heterogeneity in definitions of disease activity,
clinical, and endoscopic response limits an accurate
assessment of the true effect of MTT in UC.
Continued high quality, larger studies are needed
to determine a consistent, accurate effect.

Clinical outcomes for Crohn’s disease

When the 2023 Cochrane review* was published,
no randomized, double-blinded, placebo-
controlled trials were available evaluating the
induction of clinical or endoscopic remission nor
the maintenance of endoscopic remission for CD
with MTT. One single-blinded, randomized, multi-
center trial by Sokol et al. evaluated MTT in ileo-
colonic or colonic CD in participants who had
recently reached clinical remission (defined as
a Harvey-Bradshaw Index <5) from a flare treated
by oral corticosteroids.” Though the primary out-
come was microbial engraftment, individuals who
received MTT trended toward improved steroid-
free clinical remission rates (RR of 1.21; 95% CI
0.36-4.14).*> Additionally, at 24 weeks there was
a non-significant, numerically lower rate of clinical
disease exacerbation in the MTT group. At the time
of publication of this review, no randomized, dou-
ble-blinded, placebo-controlled trials for MTT in
CD have been published.

Host mucosal response following microbiota
transplant therapy

Changes in the mucosal transcriptome in UC
mucosal biopsies in MTT participants were ana-
lyzed from a single trial.® Following MTT, shot-
gun sequencing of UC mucosal biopsies
identified upregulated mucosal host genes

involved with focal adhesion, actin cytoskeletal
regulation, and tight junctions.” Downregulation
of genes encoding interferon regulatory 4 (IRF4)
and guanylate-binding protein 5 (GBP5) were
associated with remission.” Murine guanylate-
binding proteins mediate inflammasome activa-
tion to intracellular pathogens,® and the genetic
deletion of GBP5 yields mice that are more resis-
tant to developing colitis.” IRF4 regulates several
immune functions, including T-helper 17 cell
commitment,” T regulatory cell
differentiation,'® and migration of CD4" T cells
to the intestine.'' Interestingly, analysis of these
genes in mucosal biopsies did not show any
relevant differences between responders and
non-responders at baseline, indicating that
MTT induced these changes.

Changes in immune cell populations with
microbiota transplant therapy

Several trials have also evaluated MTT’s effect on
immune cell populations. Oral, lyophilized MTT in
UC participants reduced peripheral blood popula-
tions of mucosal invariant T  cells
(CD4*"TCRaB*MR1"),'? innate-like T cells that
are associated with inflamed mucosa in UC
participants.'” In another study, following a single
MTT administration for CD participants, colonic
effector T regulatory cells (CD4*CD25'CD127'°),
but not CD4"CD39"CD161" effector T cells (asso-
ciated with Th17 cell differentiation)'* measured
from mucosal biopsies increased relative to base-
line, although this change was not associated with
clinical response to MTT."> It is not clear if these
changes are MTT-specific, or the result of a general
decrease in inflammation.

Costello et al. investigated colonic lamina pro-
pria populations in UC participants following MTT
and found a significant and positive correlation of
baseline B cell (CD19"CD20*CD45R0O") and den-
dritic cell (Lineage-HLA-DR*CD33"CDl11c")
populations with baseline total Mayo scores and
a negative significant correlation of natural killer
(CD19/CD20~ CD16/CD56") cells with baseline
total Mayo scores.'® However, MTT did not sig-
nificantly change these lamina propria cell
populations.'®



Donor characteristics and selection for
microbiota transplant therapy

As there is a variation of normal microbiomes,
donor selection targeted to restore what is missing
in IBD patients may improve clinical outcomes.
Potential selection criteria have included the pre-
sence or absence of specific taxa,'” high diversity,'®
or metabolic features such as high stool butyrate
levels.'”> One study noted that donor Bacteroides
was associated with steroid-free remission while
donor Streptococcus species was associated with
non-response to MTT."” Another trial selected
donors based on bacterial loads (bacteria per
gram of stool) yet found no difference from auto-
logous MTT compared to healthy donor MTT in
achieving the primary endpoint of steroid-free
clinical remission (total Mayo <2, no sub-score
>2).%% Selecting donors based on taxa known to
produce short-chain fatty acids (SCFAs) did not
result in consistent recipient effects.'” Although
donor selection is appealing, at this point there
are insufficient and inconsistent data to identify
an optimal donor. It may be that a given donor-
selection should be paired with the recipient micro-
biome deficiency, and future study is needed in this
area.

Should donors be genetically related to recipients?

Closer genetic relatives share more similar
microbiota,”’ potentially related to similar host
genetics among relatives.”** Analysis of UC parti-
cipants undergoing MTT by Ishikawa et al.>> on the
degree of donor-relatedness supports that recipients
of donors that share more genetics and are closer to
each other in age have improved clinical
outcomes.”* Of note, siblings had the highest cumu-
lative non-relapse rate, while parent and child
donors had the lowest rate, and spouse and cousin
donors were intermediate between the two groups.*

Super-donor: myth or phenomenon?

The term super-donor describes a donor that
either achieves significantly more engraftment or
clinical response than other donors in the same
trial. Clinical data in UC trials are mixed with
some trials finding a super-donor effect*>*® and
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others seeing a possible super-donor effect.® To
investigate this phenomenon, Olesen et al. per-
formed a meta-analysis of sequenced samples
reexamining multiple trials and showed that the
available data failed to statistically demonstrate
a super-donor effect.”” Another meta-analysis of
metagenomic data from 316 MTT trials for multi-
ple clinical indications (including IBD) supported
the notion that current data do not support the
super-donor hypothesis and found that recipient
effects are far more important than donor effects
in impacting strain-level outcomes to MTT.*®
This study highlighted that donor-recipient com-
patibility drives strain turnover and donor
colonization.*®

What controls should be used in microbiota
transplant therapy trials?

A variety of controls have been used in MTT trials.
Please see Table 1 for a list of blinded RCTs and
a description of the control group. These include
using a medication control (mesalamine enema),'®
and inert placebo controls'*'”** including saline™*
or water” enemas. Several MTT IBD trials have
used autologous (the patient’s own) stool'®**>*3>
as a control, and only one of these trials has found
a significant difference between healthy donor ver-
sus autologous stool for steroid-free remission rates
(total Mayo <2 and endoscopic Mayo <1 at week
8).' In this trial, healthy donor stool was prepared
under anaerobic conditions and pooled; while auto-
logous stool was not pooled and was prepared under
aerobic conditions.'® These differences in prepara-
tion may confound results. Another trial prepared
both the autologous and healthy donor stool under
anaerobic conditions; however, this trial was stopped
early due to futility with no difference between the
groups achieving steroid-free clinical remission
(total Mayo <2, no sub-score >1).%° This raises the
concern that autologous stool may not be an ideal
control because it is not inert. While autologous
stool is useful to help with blinding in cases where
MTT is delivered in a visible manner to either the
patient or trial team (e.g. enema or colonoscopy), its
administration could still have immunogenic prop-
erties. Further study on this topic is needed to
determine if autologous MTT could have host effects
similar to healthy, donor-derived MTT.
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Microbiota transplant therapy processing and
administration

There is no standardized method for MTT proces-
sing and administration that ensures maximal clin-
ical benefit for IBD. Table 1 compares single- and
double-blinded RCTs based on differences in pro-
cessing and administration, and Table 2 provides
a high-level overview of the various donor stool
processing and administration routes used with
a discussion on their impacts.

While some studies have found significant
improvement in the MTT group versus placebo
that hint at possible factors at play, such as anaero-
bically prepared healthy donor MTT in the
Costello et al. trial,'® and pooling of donors in the
Paramsothy et al. trial,’ no head-to-head clinical
trials exist studying these. The number of bacteria
present™® and viability* in the donor stool can be
impacted by processing. And different routes of
administration (such as colonoscopy) have practi-
cal implications, particularly for repeat administra-
tion. Route may also impact the immune response
elicited to MTT (depending on if it is particularly
delivered to the small bowel versus the colon). This
concept was demonstrated in a murine study where
the bacterial enzyme, beta-hexosaminidase (an
enzyme that is conserved across commensals, but
particularly within the Bacteroidetes phylum)
drove the development of small intestinal intrae-
pithelial lymphocytes that work with peripheral
T regulatory cells to suppress colonic inflammation
in a murine model of colitis.”

Despite no direct comparative trials, most evi-
dence for how these factors may impact outcomes
have come from systematic reviews and meta-
analyses of recurrent Clostridioides difficile infec-
tion (rCDI), IBD clinical trial literature, and clin-
ical laboratory investigation of microbiota under
different conditions.

Aerobic versus anaerobic preparation

Most trials do not specify processing donor
microbiota under anaerobic conditions; the
only two that do are those by Costello et al.'®
and Caenepeel et al.”® Trials using aerobic ver-
sus anaerobic preparation methods and poten-
tial effects are outlined in Tables 1 and 2. In

vitro studies of microbiota processed in aerobic
conditions show a reduction in species capable
of producing anti-inflammatory metabolites
such as SCFAs”® and an increase in alpha diver-
sity in donor material when produced under
anaerobic conditions.”® Despite the anaerobic
conditions used in the Costello et al. trial,"® no
significant differences in SCFAs were observed
in the stools of patients in the treatment versus
placebo group, and stool SCFA levels were not
correlated to any treatment effects.'® No direct
comparisons of aerobic versus anaerobic donor
processing conditions exist at this time, and no
analysis per a systematic review and metaanaly-
sis exists, due to the paucity of data.

Single-donor versus un-pooled, multi-donor versus
pooled, multi-donor material

Several trials specify giving patients material from
one single donor for the duration of the trial,
versus others that give material from a single
donor at one time point but include multiple
donors during the course of the trial (un-
pooled, multiple donors),'* and others that pool
multiple different donors for a given administra-
tion, known as pooled, multiple-donor material
(see Tables 1 and 2 for a list of trials using these
methods and discussion of these different fac-
tors). In some countries, pooling multiple donor
material is prohibited, such as by the Food and
Drug Administration in the United States. One
systematic review and meta-analysis published in
2023 that included data from UC RCTs, case
control, and case studies found that multi-donor
material was superior to single-donor material in
inducing clinical remission.”® A second systema-
tic review and metaanalysis published in 2023
that focused on only UC RCTs found no signifi-
cant difference between combined clinical and
endoscopic remission rates in those given mate-
rial from single versus pooled donors.> Using
material from multiple donors may compliment
a more full spectrum of both the taxonomy and
functional potential of the microbiome and allows
for better standardization of MTT but may limit
source-tracing for infection or serious adverse
events.
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Fresh versus frozen donor material

Donor material can either be banked and frozen,
improving feasibility and ease, or may be processed
immediately and given to the patient (within sev-
eral hours or the same day as the donation, see
Tables 1 and 2). Benefits of processing the donation
immediately include, in theory, increased viability
and stability of available taxa and community
diversity’®; however, several studies show that the
functionality>® is not significantly affected by freez-
ing, and that fresh donor material is not superior to
frozen material for improving rates of rCDI***
A systematic review and meta-analysis of UC trials
found no differences in remission rates for UC
between those receiving fresh versus frozen donor
material.>

Delivery route

Several delivery routes have been used including
oral administration using capsules, targeting the
upper/middle gut using nasogastric or nasoduo-
denal tubes, and targeting the lower gut via
enema or colonoscopy, or a combination of
routes (Tables 1 and 2). No single-study, direct
comparisons have been pursued in IBD. Several
studies of direct comparisons in rCDI have
found no difference in efficacy or
inferiority when comparing various methods of
delivery (oral encapsulated versus
colonoscopy’””®  or  encapsulated  versus
enema).59 Two systematic reviews and metana-
lyses published in 2022 and 2023 evaluating
clinical trials of MTT versus placebo in UC
found no significant difference between MTT
delivery to the upper versus lower GI tract for
remission rates.>*®

non-

Single versus repeated administrations

Another factor includes the number of MTT
administrations. Most trials give repeated dosing
(see Tables 1 and 2). Thus far, no trials have
compared one versus multiple doses of MTT.
Theoretically, repeat MTT administrations
could increase the likelihood of taxonomic
changes or change the metagenomic potential
to be more similar to the donor’s; however,

one systematic review and metaanalysis pub-
lished in 2023 of six RCTs did not find any
differences in intensive (MTT delivery occurring
more than once weekly) regimens versus less
intensive (MTT given not more than once
weekly) delivery frequencies on combined clin-
ical and endoscopic remission rates in UC.*

Donor microbial engraftment in inflammatory
bowel disease

One of the goals of donor stool processing and
MTT administration is to maximize the chance to
engraft donor microbiota. Additional characteris-
tics between donors and recipients that may affect
efficacy include age,”* sex-concordance," similar-
ity or dissimilarity of taxa present in either micro-
biome at the enterotype®” or strain level, as well as
overall similarities in host immunophenotype. In
addition, recipient factors likely strongly impact
engraftment in IBD.”® Figure 1 summarizes differ-
ent interacting factors that likely drive clinical
improvement following MTT.

Recipient preconditioning

Pre-conditioning of the recipient may impact
engraftment and possibly clinical outcomes. The
use of MTT in rCDI colitis typically follows pro-
longed antibiotic courses, which dramatically reduce
the indigenous microbiota and allows for relatively
simple repopulation with donor microbiota.
However, while patients with IBD have underlying
dysbiosis, the existing established microbiota may
need to be disrupted prior to MTT. This can be
performed with antibiotics'>'”**** or bowel lavage.
Several trials have used antibiotic pre-treatment as
a method to increase engraftment in participants.
Regimens given prior to MTT include
a combination of: ciprofloxacin and metronidazole
for 7 d'% amoxicillin, metronidazole, and doxycy-
cline for 2 weeks'’; amoxicillin, tetracycline, and
metronidazole® (to deplete Fusobacterium varium,
which may contribute to UC pathogenesis),** and
amoxicillin, fosfomycin and metronidazole given to
UC participants.>> One trial that used antibiotic pre-
treatment with ciprofloxacin and metronidazole for
7 d followed by an index colonoscopy and 12 weeks
of encapsulated MTT found statistically higher
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Indigenous
microbiome
h teristi
RECIPIENT it DONOR
FACTORS FACTORS
Host genetics and
immune response
Clinical Improvement
Following Microbiota
Transplant Therapy
Dose,
duration,
route
Donor material Immediate vs Immune
processing conditions stable engraftment  stimulation or
ini effects reprogramming
LB ENGRAFTMENT

preconditioning

Microbiota compartment
transferred*

Microbiome and
metagenomic
remodeling

Figure 1. Potential challenges and mechanistic factors impacting clinical efficacy of microbiota transplant therapy. These include
recipient and donor factors (which may interact dynamically), procedural factors, and the possible effects of engraftment immuno-
logically and metagenomically. *Microbiota compartment transferred may include and not be limited to bacteria, archaea, yeast and

other fungi, spores, host virus, and phage

donor similarity at the beta community level for
MTT versus placebo.'” This trial did not have an
arm without antibiotics, so it is difficult to tell if
antibiotics versus MTT resulted in higher donor
similarity. Alternatively, increasing gastrointestinal
exposure to MTT can be accomplished by slowing
gastrointestinal transit using agents such as
loperamide'®**®> or scopolamine.>> Also, repeat
dosing may be sufficient to overcome the indigenous
microbiota produce a change in the recipient
microbiota.

Microbiome metanalyses by Podlesny et al. in
2022 for MTT trials for multiple clinical indica-
tions (including IBD) found that pre-MTT antibio-
tics and colonoscopy lavage independently increase
engraftment of donor strains.®® However, a recent
systematic review and metaanalysis of RCTs in UC
found that pre-MTT antibiotics and pre-MTT
bowel lavage, independent of each other, do not
significantly increase combined clinical and endo-
scopic remission rates in active UC,”” and as dis-
cussed further below in this review, engraftment
may not be the desired outcome of MTT for clinical
improvement.

Host characteristics impact microbiota

Host genetics*"** help determine which intestinal
microbiota are present. In IBD, it is well-
established that multiple germline mutations affect
microbial sensing that may impact tolerance versus
inflammation. A key example is the NOD2 gene,
encoding nucleotide-binding oligomerization
domain-containing protein 2 that helps sense mur-
amyl peptide components of gram positive and
negative bacteria.’” Individuals with mutations in
NOD? risk alleles for developing CD have any-
where from a two to fourfold increased risk (if
any one of the main three CD-associated risk alleles
are mutated) and up to a 15-40-fold increased risk
of developing CD in carriers of two or more of the
same affected NOD2 variants.®® Other examples
exist such as the protein, Dectin-1, a C-type lectin
receptor that functions as a pattern-recognition
receptor to affect host responses to fungi® and is
implicated in medically refractory UC,%” and the
gene FUT2 (that encodes the enzyme fucosyltrans-
ferase 2)’° that impacts microbiome energy meta-
bolism and risk with CD.”” Certain host
characteristics may therefore determine the role
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of MTT in ameliorating intestinal inflammation.
Additionally, shared or disparate donor and reci-
pient genetic makeups could in theory impact MTT
success. In this sense, lack of donor microbiota
engraftment could be akin to a transplanted organ
rejection mediated by the recipient’s immune
response.

Why is characterizing engraftment important?

In C. difficile colitis, restoration of microbiota may be
the mechanism preventing recurrence. Therefore,
measures of engraftment may be surrogate markers
of key microbial functions that are important in rCDI
pathogenesis. In IBD, MTT’s beneficial mechanisms
are less established, and therefore the role of engraft-
ment as a surrogate marker for efficacy is unclear.
Microbial donor engraftment may aid in reducing
inflammation by shifting the immune response to be
more favorable toward the new indigenous micro-
biota. Or engraftment of donor microbiota could fill
in missing functional niches, such as secreting local
metabolites that promote a functional intestinal
epithelial barrier. Due to this, engraftment has
become a frequently targeted marker for MTT success
in IBD.

Measuring engraftment

16S rRNA and metagenomic sequencing can be used
to measure donor engraftment. Metagenomic
sequencing has the potential to identify the mechan-
ism of donor microbiota function. While this can
yield information about encoding genes present in
microbiota, as well as members present (bacteria,
archaea, yeast, fungi, host virus, and phage), includ-
ing species and strains, it does not yield information
about how or whether genes in the microbiome are
expressed. Engraftment can be measured by model-
ing community beta diversity”' or an index combin-
ing alpha and beta diversity,'”> engraftment-
trackers,””>”7* or measuring species and strains
present in the patient prior versus after MTT and
these taxa present in the donor as well as shared taxa.
Benefits of using metagenomic data to determine
engraftment include resolution to the strain level.
16S rRNA sequencing methods are useful because
they often sequence most of what is present in the

sample (or have good coverage), but they lack spe-
cies and strain specificity and functional capacity.

Does engraftment (or higher donor similarity)
translate to improved clinical outcomes in
inflammatory bowel disease?

Several clinical trials have shown that MTT
increases similarity to donor in IBD patients in
UC'*>*” and CD.'"™*® However, there is wide
variability in donor similarity after MTT, and it is
unknown whether higher donor similarity is seen
in participants who respond clinically in both
UC'**>*? and CD.>*° Only two trials in IBD
associate clinical response with post-MTT donor
similarity (a list of engraftment assessment in
blinded RCTs is outlined in Table 1). In the first
study by Rossen et al., participants with UC were
randomized to MTT or autologous stool
transplant.”® The composite primary endpoint (a
simple clinical colitis activity index <2 and >1 point
improvement on combined endoscopic Mayo score
versus baseline at weeks six and 12) was not met,
but responders that received healthy donor stool
became more similar to their donor (beta commu-
nity index).’® This study also used multiplex PCR
probes to sequence the microbiome,’ rather than
completing 16S rRNA or shotgun metagenomic
sequencing, which could limit engraftment
assessment.

An open-label, uncontrolled trial by Vaughn
et al. also evaluated donor similarity and the rela-
tionship to clinical responses in participants with
colonic or ileal-colonic CD."> MTT was delivered
once via colonoscopy, and 11 of 19 (58%) subjects
responded clinically (reduction in Harvey-
Bradshaw Index >3) to MTT with 53% of subjects
in clinical remission (Harvey-Bradshaw Index <5)
at week 4.'”> Responders experienced a significant
change toward donor similarity from baseline as
measured by the Bray-Curtis similarity index ver-
sus non-responders.’”” However, the study was
small and uncontrolled, limiting any broader
conclusions.

Other studies have not clearly identified
a trend toward donor microbiota engraftment
and clinical outcomes. A study of pediatric CD
patients receiving MTT (parental donor) via
nasogastric tube did not find a significant



association between donor engraftment and
clinical response,*® which was limited by
a small sample size of nine participants. Sokol
et al. evaluated MTT in CD participants and did
not meet the primary endpoint or donor
engraftment as measured by the Sorenson
index’; however, re-analysis of this trial using
metagenomic sequencing found that at the
strain level, several participant strains are
replaced by donor strains, and that the donor
strain haplotype shifted from participant to
donor following MTT.”” There was also evi-
dence of long-term strain co-existence up to
24 weeks in some, with strains from both the
baseline pre-MTT and donor co-existing
simultaneously.”” However, associations between
donor similarity and clinical response were not
highlighted.

Several other studies of participants under-
going MTT do not find a correlation of higher
donor similarity and clinical response. Schmidt
and Li et al. performed a meta-analysis of meta-
genomic samples from 316 MTT studies for
a variety of clinical indications, including
rCDI, UC, and CD, and found that both recipi-
ent strain displacement and donor strain colo-
nization did not correlate to clinical benefit for
any indication,”® suggesting that engraftment
does not impart clinical improvement. They
also did not find any significant differences in
strain-level outcomes between non-responders
and responders to MTT.”® Another meta-
analysis by Ianiro et al. of 226 MTT participants
for various clinical indications (including IBD
and rCDI) investigated strain engraftment and
clinical responses and found conflicting results
regarding whether engraftment correlated to
clinical improvement depending on the statisti-
cal test used.”® Ianiro et al. stated that their
results suggest that higher donor similarity
might improve clinical success of MTT.”®
Larger meta-analyses of metagenomic data
from MTT trials and better data availability are
needed to unlock MTT’s mechanisms. But over-
whelmingly, current data in the field do not
support that engraftment of donor microbiota
and strain colonization during MTT improve
clinical treatment success in IBD.
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Microbiome post-microbiota transplant therapy

Taxonomic changes associated with clinical
responses

A variety of taxonomic changes post-MTT are
associated with clinical outcomes, although these
associations are limited by small sample sizes, vary-
ing baseline recipient characteristics, donor differ-
ences, or MTT route. At baseline, UC patients have
higher levels of Bacteroidetes and lower levels of
Clostridium  cluster XIVa.” Increases in
Clostridium clusters,>>® Roseburia inulivorans, "
Eubacterium hallii, ** and Oscillibacter ® are asso-
ciated with response post-MTT. However, not all
taxonomic associations are consistent. For exam-
ple, one study with a Prevotella-enriched donor
found a higher relative abundance of Prevotella in
recipients to be associated with clinical response.’”
However, the opposite was found in a different trial
in UC recipients given oral, lyophilized donor
material that was screened to exclude Sutterella
and Fusobacterium; the Prevotella-enriched donor
used in this trial was less successful than the other
donor with Bacteroides dominance.'” The diver-
gence of results from these two trials could be due
to route: via colonoscopy in the trial that
Prevotella-dominant donors were successful®” ver-
sus oral lyophilized MTT in the trial that
Prevotella-dominant donors were less successful.'”

Metagenomic re-analysis by Kong et al.” of the
Sokol et al. trial in CD participants® found that
engraftment of Bacteroidetes and Proteobacteria
were associated with likelihood of relapse, and
loss of participant baseline Proteobacteria
(Sutterella wadsworthensis, Haemophilus parain-
fluenzae, and Escherichia coli) occurred in those
that did not relapse, suggesting that these species
negatively impact CD.”> Meta-Cyc pathways asso-
ciated with relapse included lower normalized
pathway abundances in anaerobic energy metabo-
lism, tRNA charging, and NAD biosynthesis I.”° In
this study, engraftment of Faecalibacterium praus-
nitzii (a butyrate producer) in one patient was not
associated with beneficial outcomes,”” supporting
that transferring SCFA genetic potential may not
benefit patients.”® As several studies have found
different taxa that correlate to clinical responses,
and these findings may be tied to either baseline
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recipient characteristics or donor-recipient com-
patibility; pooling metagenomic data from multiple
trials will be needed to identify whether specific
taxa are key to responses.

Microbial metabolic pathways associated with
clinical responses

Elucidating beneficial MTT mechanisms will aid in
developing targeted microbiota drug strategies that
promote clinical benefit. Two of the most investi-
gated microbial metabolite pathways are those that
produce SCFAs and bile acids (BAs). Both SCFAs
and BAs affect regulatory T cell and Th17 cells,”*
improve gut barrier function,”” and regulate host
metabolic pathways.** Trials have either tried to
target donors with higher stool levels of SCFAs"
or donors that elicit production of SCFAs and
T regulatory cells in germ-free mice in response
to transfer of human stool®®; despite this, no
improved effects from these donors were seen
compared to participants receiving control.*® One
trial that transferred anaerobic stool (which should
help increase viability of bacteria that produce
these compounds) did not detect differences in
SCFAs in treatment groups or find an association
of SCFAs with treatment effect.'® One large study
that evaluated 1,492 stool metagenomes from par-
ticipants in MTT trials did not find any correlation
of clinical benefit and transfer of specific micro-
biome functions (such as SCFA production), and
donors with genes related to SCFAs did not result
in higher strain colonization in recipients.”® One
MTT trial in UC participants found that respon-
ders had increased stool SCFAs following MTT
compared to the patients’ baseline levels; however,
SCFA levels were not evaluated in non-
responders.®® MTT trials that have performed ana-
lysis of either metagenomic pathways or performed
untargeted metabolomics have seen altered path-
ways for SCFAs and BAs; however, other pathways
are often more significantly associated with MTT,
suggesting that we should consider other metabolic
pathways for mechanisms.

Numerous other microbial-mediated metabolic
pathways exist beyond SCFAs and BAs that could
account for the clinical benefit from MTT. An untar-
geted metagenomic analysis of 44 participants with
UC undergoing MTT found the top two pathways

associated with clinical response were the vitamin B6
and D-glutamine/D-glutamate  metabolism.*
Vitamin B6 has anti-inflammatory effects on lipo-
polysaccharide-induced monocytes/macrophages
and inhibits NLRP3 inflammasome activation.®’
Most importantly for IBD, vitamin B6 is required
for the degradation of sphingosine-1-phosphate in
the colon, which is a potent leukocyte chemoattrac-
tant and the drug target of ozanimod.*® D-glutamine
is important for regulating bacterial division, pro-
duction of peptidoglycan, spore germination, and
regulation of biofilms, both for inhibiting
formation® and promoting disassembly.”

D-amino acids (which include D-glutamine/
glutamate) also have direct immune effects
including inhibiting beta-defensin production of
epithelial cells (that may alter the host-response
to bacteria),”’ as well as modulating IgA
(through regulation of plasma cell numbers in
the gut’® and regulation of symbiotic bacteria
that promote B cell diversification and IgA-class
switching).”” IgA bound to bacterial surfaces may
limit their detection by immune cells in IBD
individuals (known as immune-exclusion) to
reduce an inflammatory, pathogen-driven
immune response against microbiota.
Glycosylation sites on IgA also serve as
a nutrient source for gut microbiota.”>** One
trial evaluating MTT in UC'? noted that IgA-
coating was higher for bacterial strains trans-
ferred from donors (not present in recipients
prior to transplant) than for bacterial strains
that were present in both the donor and recipient
prior to transplant,”® indicating that IgA status
may drive MTT responses.

Mycobiome in inflammatory bowel disease
undergoing microbiota transplant therapy

The fungal microbiome, or mycobiome, has been
evaluated in a few MTT trials in UC
participants.®*%>*” Analysis from both trials in
UC participants®>® found that baseline samples
with higher Candida species relative abundance
were associated with clinical response to
MTT,”*®” and for one trial, this occurred irre-
spective of the source of MTT (either healthy
donor  or  autologous).’>””  Post-MTT,
a reduction in Candida abundance correlated to



a reduction in endoscopic disease severity and
clinical disease via the Mayo score.”® Functional
attributes of Candida could contribute to devel-
opment of inflammation or dysbiosis, as
a reduction in Candida improves clinical disease.
Supporting this, anti-Candida albicans 1gG in
MTT recipients remained stable; however, anti-
C. albicans 1gG in placebo patients increased
during the course of the trial.”® A reduction in
IgG may not have been observed during the
course of the trial due to IgG’s long half-life.
These results suggest an inflammatory response
against Candida in UC, inferring that higher
baseline levels of Candida promote disease. In
another trial by van Thiel et al., the abundance
of the yeast genus Filobasidium in the donor
stool correlated to clinical remission (simple clin-
ical colitis activity index <2)°” following MTT,
regardless of the donor source (either healthy or
autologous).”®  Selected species from the
Filobasidium genus stimulate the release of
interleukin-10,”” which has been shown to be
anti-inflammatory in a murine IBD model.”®

Conclusion and future directions

Other than using whole MTT (which increases the
risk of infection and adverse events), future micro-
biota-targeted therapies in IBD may focus on trans-
terring specific bacteria (such as consortia of
bacteria that are known to produce metabolites to
benefit the host or that stimulate a tolerogenic
response from the host immune system), spores,””
fungi, or therapies that target bacterial pathobionts,
such as bacteriophage'® or mycoviruses that target
pathogenic fungi. Other potential therapies include
a sterile filtrate of MTT'®" that could contain
agents of the microbiome (lipopolysaccharide,
DNA, bacterial enzymes) that impart a favorable
immune response or specific viruses that target the
host immune system or microbiota. In the future,
microbiome therapies could be tailored to target
specific mutations or polymorphisms in genes
involved in immune sensing of the microbiome,
as genetic differences may influence individual
responses to MTT. It is also possible that healthy,
donor-derived MTT might not be necessary; com-
ponents of autologous (self-derived) MTT could
potentially induce a tolerogenic immune response
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or shape the host microbiome to manage IBD. Such
approaches could reduce reliance on broad-
spectrum anti-inflammatory medications or the
requirement of healthy donors, paving the way
for safer, targeted treatment options.
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