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SUMMARY

The incidence, morbidity, and mortality associated with Clostridium difficile gastrointestinal
infections has increased greatly over recent years, reaching epidemic proportions; a trend due,
in part, to the emergence of hypervirulent and antibiotic-resistant strains. The need to identify
alternative, non-antibiotic, treatment strategies is therefore urgent. The ability of bacteria in
faecal matter transplanted from healthy individuals to displace pathogen populations is well
recognized. Further, there is growing evidence that such faecal microbiota transplantation can be
of benefit in a wide range of conditions associated with gut dysbiosis. Recent technical advances
have greatly increased our ability to understand the processes that underpin the beneficial
changes in bacterial community composition, as well as to characterize their extent and duration.
However, while much of the research into faecal microbiota transplantation focuses currently on
achieving clinical efficacy, the potential for such therapies to contribute to the transmission of
infective agents also requires careful consideration.
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Our understanding of the gut microbiome

The human intestinal tract contains more than 1014

bacterial cells, outnumbering human cells within our
bodies by tenfold [1]. Efforts to understand the com-
plexity of the microbial communities present in the
gastrointestinal (GI) tract have a long history, cer-
tainly dating back to the late 19th century [2]. How-
ever, research in this field, and the resulting gains in
understanding, increased substantially during the
1960s (for a detailed review of work during this era,
see [3]). An important contribution to these advances

was the recognition that a substantial proportion of
the species that comprise the GI microbiota require
an absence of atmospheric oxygen in order to grow,
and the development of anaerobic culture techniques
that allowed the isolation of such species. For
example, until the mid-1960s, Escherichia coli was
considered commonly to be the chief inhabitant of
the bowel. However, with improvements in anaerobic
culture methods, the gut microbiota was revealed to
be dominated by strict anaerobes, typically outnum-
bering the facultative microbes such as E. coli by as
many as 1000:1 [4].

The advancement of culture techniques led to
characterizations of the gut bacterial communities
that were far more comprehensive than was possible
previously [5, 6]. Such studies revealed that individual
humans had hundreds of bacterial species detectable
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within their GI tract, with the genera Bacteroides,
Bifidobacterium, Eubacterium, Clostridium, Peptococ-
cus, Peptostreptococcus, and Ruminococcus often
predominant [7]. Facultative anaerobes were also
detected, including members of genera such as Entero-
bacter, Enterococcus, Klebsiella, Lactobacillus, Pro-
teus and, as above, Escherichia, but at lower relative
levels [7].

Despite this increased ability to culture gut micro-
bes, a significant disparity between the bacteria that
could be visualized microscopically and those that
could be grown in culture remained [8]. The true
scale of the GI microbiota complexity only began to
emerge with the development of culture-independent
analytical techniques. Here, rather than relying on
the isolation of individual species through in vitro
growth, the presence of bacteria can be determined
through the detection of specific signatures in nucleic
acids extracted directly from samples. Importantly,
by avoiding the need for in vitro cultivation, such ap-
proaches are able to report on the totality of bacteria
present, including those that can be visualized micro-
scopically but not readily cultured.

Molecular approaches to determining bacterial com-
munity composition are based most commonly on
the 16S rRNA gene, which contains both the highly
conserved and highly variable regions required for
amplification and differentiation of bacterial species
present [9]. Initially, investigations relied on dideoxy-
nucleotide sequencing and bacterial community profil-
ing techniques, such as terminal-restriction fragment
length polymorphism (T-RFLP) profiling [10] and
denaturing gradient gel electrophoresis (DGGE) [11]
to ascertain community structure in the human gut.
While informative, the level of detail obtainable with
such approaches was limited to broad scale descrip-
tions. However, more recently, the development of
next generation sequencing (NGS) approaches has
greatly expanded the detail of characterization achiev-
able [12, 13]. Such approaches provide analogous in-
formation to earlier clone library-based analyses.
That is, each sequence obtained can be compared to
extensive publicly held databases to allow the iden-
tification of the bacteria from which it was derived.
However, in being greatly more processive than
these earlier approaches, the number of such species
identities that can be readily determined for an indi-
vidual sample is many orders greater. By allowing
the rapid and relatively cheap profiling of the bacterial
communities present in high detail, such analysis
allows us to extend our understanding of key issues,

such as the extent to which the GI microbiota varies
between and within individuals over time, in both
health and disease (reviewed in detail in [14]).

What does the gut microbiota do?

The presence of a complex microbiota in the gut has a
number of important functions. These range from
supplying nutrients to the host [15], to immune system
development and function [16], and to angiogenesis
[17]. In addition, the gut microbiota can help to pro-
tect against infection. This protection can be by occu-
pying metabolic niches within the gut, and thus
excluding pathogenic species [1], through the pro-
duction of metabolites that can inhibit pathogenesis
[18], or by protecting enterocytes from acute inflam-
matory responses that might occur in response to
infection [19].

Given the increasing list of positive roles played by
the gut microbiota under normal circumstances, it is
unsurprising that its disruption has been associated
with a wide range of health issues, including obesity
[20] malnutrition [21], inflammatory bowel disease
(IBD) [22], neurological disorders [22] and cancer [23].

What happens when the gut microbiome is disrupted?

The composition of the gut microbiota appears to be
relatively stable in most individuals over time [24].
However, its composition and function can be dis-
rupted by external factors. One of the principal ways
in which this can happen is through antibiotic therapy.
Antibiotics are used commonly and, even when target-
ing infections in non-GI regions of the body, have
typically a marked impact on certain populations of
bacteria in the gut [25, 26]. The extent of this impact
will vary depending on the characteristics of the anti-
biotic used; however, it is likely to include both a reduc-
tion in the number of viable bacterial cells and, due to
differences in antibiotic susceptibility, an alteration in
the relative abundance of the types of bacteria present.

In many cases, bacterial populations may return
to their pre-treatment levels on cessation of antibiotic
therapy without the occurrence of complication.
However, until the gut microbiota is re-established,
opportunities exist for species that are excluded or
suppressed under normal circumstances to expand to
significant levels [1]. Arguably the most clinically im-
portant example of this process involves Clostridium
difficile, a toxin-producing, Gram-positive, anaerobic,
spore-forming bacillus. The production of C. difficile
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toxins can cause pseudomembranous colitis; the de-
struction of colonic epithelial cells and inflammation
with resultant disease symptoms. C. difficile infection
(CDI) is implicated in 15–25% of antibiotic-associated
diarrhoea [27].

The incidence, morbidity, and mortality associated
with CDIs have increased greatly over recent years,
reaching epidemic proportions [28]. This trend is, in
part, related to the emergence of certain strains that
are hypervirulent and antibiotic resistant [29]. The
demographic of those susceptible to CDI has also
expanded to increasingly include young, healthy
individuals without prior exposure to antibiotics or
hospitalization [29]. Patients with IBD, compromised
immune systems, and peripartum women are also
recognized increasingly to represent at-risk groups
[29, 30].

With increased antibiotic exposure, so the efficacy
of the antibiotics available has decreased. The
first-line treatments for CDI are metronidazole and
vancomycin. However, the efficacy of metronidazole
appears to be waning [31]. Further, the antibiotic
treatments for CDI can ultimately exacerbate the situ-
ation. By reducing populations of resident gut species
along with C. difficile, antibiotic therapy creates fur-
ther niche space for this pathogen; a vacuum that
can be exploited by a re-expansion of C. difficile popu-
lations, either seeded by their recalcitrant and largely
antibiotic-resistant spores, or through de novo infec-
tion [32]. Recurrence has been documented to occur
in as many as 15–30% of patients after an initial
bout of CDI, and up to 65% of patients who experi-
ence one such episode will have subsequent episodes
after antibiotic therapy is stopped [32]. There are
few effective drug-based treatments for patients experi-
encing multiple recurrences of CDI. The diminishing
efficacy of available antibiotics [28], coupled with a
growing awareness of the importance of limiting anti-
biotic use generally [33], mean that the need to ident-
ify alternative approaches to therapy has become
urgent.

Faecal microbiota transplantation

One way in which the cycle of antibiotic therapy fol-
lowed by overgrowth by pathogens such as C. difficile
can be broken is to re-establish the balance of bac-
terial species in the gut. Attempts have been made
to achieve this through the oral administration of pro-
biotics containing a single bacterial species [34]. How-
ever, such approaches have two key limitations; first,

it is difficult to administer sufficient and sustained
levels of probiotic bacteria to make a significant im-
pact of gut microbiota composition, and second, the
small number of species that can be administered in
this way do not represent the complex bacterial mix-
tures characteristic of the healthy gut microbiota.
These factors may to have contributed to the relatively
low reported success of such interventions.

An alternative approach is to introduce faecal ma-
terial obtained from a symptomless individual directly
into the gut. This practice, referred to as faecal micro-
biota transplantation (FMT), bacteriotherapy, or
stool transplant, has a long history, with reports of
its use for example in 4th century China to treat diar-
rhoea in humans, and later in Italy in the 17th century
in the treatment of ruminants [35].

In the modern era, FMT has been performed since
1958 [36], when it was used in the successful treatment
of four patients with pseudomembranous colitis, a
time before the causative role played by C. difficile
was known. Of note, three of the four patients re-
ported in the 1958 study were in a critical state when
faecal enemas were administered, and in all patients
symptoms were found to resolve within hours of
treatment.

The first documented case of confirmed CDI
treated with FMT was reported in 1983 by Schwan
et al. In this case, therapy resulted in the ‘prompt
and complete normalization of bowel function’ in
the 65-year-old woman to whom it was administered
[37]. At follow-up 9 months later, the patient re-
mained asymptomatic. In 1989, Tvede & Rask-
Madsen reported the treatment of patients with
chronic relapsing diarrhoea caused by C. difficile
were treated with rectal instillation of homologous
faeces (one patient) or a mixture of ten different facul-
tative or obligate anaerobic bacterial species diluted
in sterile saline (five patients) [38]. Both therapeutic
approaches resulted in the prompt loss of C. difficile
and its toxin from the stools, restoration of normal
bowel function within 24 h, and disappearance of
abdominal symptoms. Following these initial demon-
strations of efficacy, the use of FMT has continued to
expand ever since [39].

The problems/challenges to implementing FMT as a
more routine therapy

While FMT appears to have the potential to revolu-
tionize the treatment of CDI and other GI disorders,
a number of significant challenges must be overcome
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for its routine deployment. The first is the potential of
FMT to result in the transmission of pathogens, a fac-
tor that has led to the recommendation of screening
processes to identify key viral, bacterial, and parasitic
infections in donors [28].

It has been suggested that considerations of a per-
son’s suitability to act as an FMT donor could be
similar to those applied more widely in organ trans-
plantation [40]. This would involve the screening of
donors for a panel of viral pathogens. In addition,
stool would be screened for a range of bacterial patho-
gens and helminths (for a detailed discussion of these
considerations, see [41]). However, despite such screen-
ing, the highly complex nature of the microbial con-
tent of the gut means that the clinical significance of
many of the microbes present is not yet known. This
raises the possibility that species for which there is
no current reason to screen, may be identified later
as causative agents of disease.

The risk of an individual acquiring a de novo infec-
tion as a result of FMT could be reduced by using a
donor with whom the recipient is sexually intimate.
The selection of a spouse, for example, is less likely
to be a source of novel infection, and in some such cir-
cumstances, screening has been deemed unnecessary
[42]. In other studies, screening has been foregone
where immediate family members are acting as donors
[37, 43]. However, even in these cases, the failure to
screen is difficult to justify in retrospect given the
potential for transmission of occult infections.

The use of close relatives as FMT donors has both
potential advantages and drawbacks. Adaptive im-
mune elements in the mucosal immune system (e.g.
antigen-specific antibodies) may result in a greater tol-
erance of microbiota derived from close donors [28].
However, similarities in microbiota composition
between relatives might also mean that they too are
predisposed to certain types of infection. Further,
‘natural antipathy’ towards FMT might be reduced
through the use of anonymous, screened donors [44].

Challenges of handling, processing and administering
donated material

Once a suitable donor has been identified and
screened, there are a number of logistical issues that
require consideration. In some cases, material will be
used immediately. However, in others, storage might
be required. This is particularly the case where anon-
ymous donation and banking of material is to be
performed.

It is important that care is taken both to maintain
the viability of bacteria within the donated material,
and to prevent bacterial growth that would lead to
changes in the relative species abundance. The most
appropriate procedures for handling and storing
material for FMT are yet to be identified. However,
it is important to note that the species that are most
able to survive the stresses of sample processing,
such as spore-forming bacteria, may not be those
that one would want to promote.

With the majority of faecal bacteria being obligate
anaerobes, care must be taken to prevent loss of via-
bility as a result of exposure to atmospheric oxygen.
Refrigeration of material over the short term, or freez-
ing over longer periods, may help to stabilize samples,
but again, these processes are likely to result in some
loss of bacterial viability. Further research is there-
fore required to inform the design of appropriate
protocols.

There are a number of ways in which donated
material can be introduced to the patient’s gut, with
associated implications for the preparation of the
material to be used. FMT delivery methods have
included nasogastric and nasoduodenal tubes, colono-
scope, and retention enema [45] although no clear
superiority of one method has yet been demonstrated
[28]. Currently, selection of an administration route is
largely dependent on the clinical situation, although
transcolonoscopic infusion has been favoured for
the majority of patients [46]. Regardless of which of
these delivery strategies is to be employed, a slurry
must be created from donated stool. Here, homogen-
ization, liquefaction and bulking may all aid the
successful delivery of the material [28]. Filtration to
remove particulate matter can then be performed,
with material re-suspended to an appropriate volume
prior to delivery [44].

Implications of FMT for organ donation by recipients

An important consideration beyond the immediate
issues surrounding the screening of FMT donors is
the implications that receiving donated stool material
has for the recipient. As above, the complexity of fae-
cal material means that it is only practical to screen
for those pathogens considered currently to represent
a significant risk. However, relatively little is known
about many of the species present, including the extent
to which particular strains may harbour antibiotic
resistance or virulence genes. Perhaps of even more
concern is the transmission of viral infections.
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Administration of FMT will increase the likelihood
of occult infection in the recipient. Therefore, the risks
associated with their subsequent donation of any
material, including blood or solid organs, must be
considered carefully. Given the potentially widespread
deployment of FMT, a decision to exclude FMT reci-
pients from the pool of potential organ donors could
have serious and far-reaching implications.

Assessing efficacy – the potential of emerging
technology

The primary measure of FMT success is the resolution
of symptoms. In addition, in the case of treatment for
conditions such as CDI, the absence of a relapse can
be a secondary endpoint. The detection of specific
pathogens, such as C. difficile in the case of CDI,
can be unhelpful due to the fact that patients can be
colonized without developing disease [47]. However,
when attempts are being made to achieve beneficial
outcomes through the alteration of the gut microbiota
composition, the direct characterization of the nature
and extent of these changes would clearly be inform-
ative.

Here, molecular techniques that allow the charac-
terization of faecal bacterial composition, as above,
are invaluable. Such techniques have already been
applied to assess the extent and duration of the impact
of FMT on the residual gut microbiota, allowing
changes in the relative abundance of different bac-
terial species to be linked with clinical outcomes
[48–50].

It is important to note that, rather than the estab-
lishment of a specific gut microbiota composition,
what is being sought through FMT and analogous
therapies is the re-establishment of gut microbiota
function, whether metabolic, immunological, or
through the ability to exclude pathogenic species. An
assessment of gut microbiota behaviour and function
may therefore be important in determining treatment
efficacy.

Here, it can be useful to consider the gut microbiota
as a distinct entity. For example, meta-genomic
analysis can be used to assess the genetic composition
of the gut microbiome as a whole [51]. Further, meta-
transcriptomic, meta-proteomic and metabolomic
approaches allow assessment of microbiota behaviour
and its impact on the gut environment [14, 52, 53].
The data derived from each of these approaches can
be mapped onto microbial composition profiles, as
determined through 16S rRNA sequencing. Such

parallel application of approaches that provide infor-
mation on microbiome function with those that detail
microbiota composition may be particularly impor-
tant in identifying where bacterial functions are con-
served between phylogenetically distant members, or
are particular to certain species or strains. In turn,
these data will help to identify components within
the gut microbiota whose restoration would confer
the greatest clinical benefit.

Augmenting FMT efficacy through parallel therapies

The primary basis for FMT efficacy is believed to
be the ability of introduced bacterial populations
to displace gut pathogens. The likelihood of achieving
this could be augmented by careful selection of
medium in which the introduced material is to be
suspended. Previously, osmotically appropriate bulk-
ing agents, such as buffered saline or 4% milk [28],
have been used. However, a more sophisticated
approach might promote bacterial retention within
the gut, or provide substrates that encourage desirable
growth strategies or bacterial behaviour.

Dietary substrates that selectively stimulate growth
or activity of particular types of bacteria in the gut are
referred to as prebiotics [54]; the ability of specific
food supplements to influence the composition of the
gut microbiota has been the subject of an increasing
number of studies [55]. Further, prebiotics can be ad-
ministered in parallel to probiotic treatments, with the
aim of promoting bacterial survival; a practice known
as synbiotics [56]. Where supported by experimental
data, prebiotics could be administered at the time of
FMT, either as food supplements, or as components
of the delivery medium itself. The formulation of
FMT slurries to maximize treatment outcomes is
therefore an area that warrants further research.

The potential for ‘artificial donor material’

Deploying FMT on a large scale presents substantial
logistical challenges. The potential use of a synthetic
material as an alternative to donated faecal material
is therefore an attractive proposition. Bacterial cells
represent 40–60% of the bulk of faeces [57, 58] and
it is this bacterial content from which the beneficial
effects of FMT are believed to be derived. Represen-
tative faecal bacteria could be grown in vitro, harves-
ted, mixed in appropriate proportions, and suspended
in a suitable medium for delivery. If care was taken
to exclude virulent, pathogenic or antibiotic-resistant
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strains, such a strategy would remove both the need to
screen potential FMT donors, and the implications for
FMT recipients to act as organ donors subsequently.
Further, the potential for immunogenic reactions
would be removed since the synthetic stool would be
free from human cells or cell products.

An additional and important advantage of using a
synthetic material is that it would standardize therapy.
Although the composition of intestinal microbiota
can vary between individuals, functional gene profiles
show greater similarity [59, 60]. This observation sug-
gests that the use of a consistent synthetic faecal trans-
plant material to treat broad patient groups could be
possible, while maintaining microbiome functionality.
Bacterial preparations could be generated on a large
scale, and stabilized by freezing or lyophilization
for transportation and reconstitution at the point of
use. With the same material used in each treatment,
a better platform for determining treatment efficacy
would exist. Finally, the inclusion of marker se-
quences in the bacterial strains used could allow
them to be tracked, providing both information on
their retention, and their identification if implicated
subsequently in opportunistic infections, such as
peritonitis.

The use of defined bacterial mixtures as an alterna-
tive to FMT has been suggested previously [38, 61].
However, its development has been hampered by the
challenges of characterizing the microbial compo-
sition of faecal matter accurately and in sufficient
detail. With technological advances (as above) such
characterization is now achievable.

Petrof et al. reported recently the use of a prep-
aration of 33 different intestinal bacterial species
isolated in pure culture from a single healthy donor
to treat recurrent CDI that was unresponsive to con-
ventional therapy in two patients [50]. Here extensive
culture of stool bacteria and screening of isolates was
used to exclude antibiotic-resistant strains. The rela-
tive abundance of the bacteria in the administered
material was determined based on meta-analysis of
data from previous studies of healthy donor stool. In
both cases, resolution of symptoms was reported,
with patients remaining symptom-free at 6 months
post-therapy. While this study still relied on the iso-
lation of bacteria from donated stool samples through
culture, it represents a substantially more sophisti-
cated approach compared to previous efforts.

There is no theoretical limit to the complexity of
such artificial FMT preparations, and they could,
for example, be formulated to reflect the charac-

teristics of a particular individual’s GI microbiome.
Determination of the functional roles of different
bacterial groups within the intestine, and the likely
implications of their relative abundances is, however,
required before such an approach becomes a realistic
option.

Potential for FMT to be beneficial

The focus of this review has been the use of FMT in
the treatment of CDI. However, there are many
other clinical scenarios in which FMT could prove
beneficial. For example, a recent, small-scale prospec-
tive study has reported FMT to be effective in the
treatment of children and young adults with ulcerative
colitis [62].Other conditions associatedwith gut dysbio-
sis include IBD, obesity, anorexia nervosa, systemic
autoimmunity, food allergies, eosinophilic disorders
of the GI tract, as well as neurodegenerative and
neurodevelopmental disorders [39]. However, unlike
recalcitrant CDI, in which the native microbiota
have been severely affected by repeated antibiotic ex-
posure, microbial communities in patients with such
conditions might require antibiotic conditioning to
suppress or eliminate resident bacterial populations
prior to FMT. The need for such conditioning, as
well as identification of optimal protocols for trans-
plant preparation and delivery, now require careful
consideration. In turn, this will allow the potential
of FMT to provide effective therapy in wider patient
populations is to be assessed through systematic clini-
cal trials.
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