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The human microbiome has been the subject of intense research over the past few decades, in particular
as a promising area for new clinical interventions. The microbiota colonizing the different body surfaces
are of benefit for multiple physiological and metabolic processes of the human host and increasing evi-
dence suggests an association between disturbances in the composition and functionality of the micro-
biota and several pathological conditions. This has provided a rationale for beneficial modulation of
the microbiome. One approach being explored for modulating the microbiota in diseased individuals is
transferring microbiota or microbiota constituents from healthy donors via microbiome transplantation.
The great success of fecal microbiome transplantation for the treatment of Clostridioides difficile infections
has encouraged the application of this procedure for the treatment of other diseases such as vaginal dis-
orders via transplantation of vaginal microbiota, or of skin pathologies via the transplantation of skin
microbiota. Microbiome modulation could even become a novel strategy for improving the efficacy of
cancer therapies. This review discusses the principle, advantages and limitations of microbiome trans-
plantation as well as different clinical contexts where microbiome transplantation has been applied.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The human body is colonized by complex communities of
microorganisms including bacteria, archaea and fungi that collec-
tively constitute the ‘‘microbiota” and the collection of their genes
constitutes the ‘‘microbiome” [1]. These microbial communities
interact closely with the host to modulate almost any aspect of
the host physiological functions ranging from food digestion to
immune homeostasis. Various pathological disorders, including
among others inflammatory bowel disease (IBD) [2], allergies [3],
obesity [4] and cardiovascular disease [5], have been linked to an
imbalance of the microbiota, generally referred as dysbiosis
(Fig. 1). Hence, a major focus of current research is the therapeutic
potential of manipulating the microbiome to improve human
health. Among the different procedures explored for this purpose,
microbiome transplantation, which is the process of transferring
the microbiome of a healthy donor to a diseased recipient individ-
ual, represents a promising approach (Fig. 2). Most clinical evi-
dence of the efficacy of microbiome transplantation for the
treatment of pathological disorders has been obtained with fecal
microbiota transplantation (FMT), which consists in the adminis-
tration of prepared stool material from a healthy donor to a dis-
eased individual [6]. Although the use of fecal transfer from
healthy individuals to treat gastrointestinal diseases dates back
to the 4th century [7], this procedure has experienced a particu-
larly fast development during the last decade [6,8]. Clinical studies,
including randomized controlled trials, have proven the effective-
ness of FMT to treat recurrent Clostridioides difficile infection (rCDI),
with cure rates higher than 85% [9,10]. The small percentage of
rCDI cases where FMT failed to confer benefit seems to be associ-
ated with patient attributes such as prior hospitalization, procedu-
ral features and the severity of the infection [11]. Promising
findings from several studies have also denoted the practicality
of FMT for the treatment of ulcerative colitis [12,13], Crohn’s dis-
ease [14], chronic pouchitis [15], metabolic diseases [16] as well
Fig. 1. Schematic representation of the human microbiome, factors influencing the micro
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as neurological disorders [17]. Beyond FMT, the spectrum of micro-
biome transplantation has been extended to the skin [18] and vagi-
nal microbiome [19] for the treatment of disorders related to these
body sites.

A key issue in microbiome transplantation research is to define
the microbiome components that provide benefit. This information
will facilitate the development of therapeutic approaches based on
artificial combinations of these components. Recent advances in
omics technologies, high-throughput sequencing and bioinfor-
matic tools have advanced our understanding of the human micro-
biome composition and function [20–22]. Microbiomes have been
characterized in different parts of the body and in cohorts of
healthy individuals representing different age, gender and life-
styles, allowing to gain more precise information on environmental
and genetic factors influencing microbiome composition and
diversity [23–25]. Comparisons of microbiomes from healthy and
diseased individuals has allowed the identification of community
members or community functions enriched or depleted that may
be potentially associated with the disease [26,27]. As examples, a
dysbiosis associated with colorectal cancer is usually characterized
by an increased prevalence of members of the genera Fusobac-
terium, Porphyromonas, and Peptostreptococcus among others [28],
whereas individuals suffering from type 2 diabetes show a reduc-
tion in the butyrate-producing potential [29]. However, the factors
driving the shifts in the microbiome structure and function during
dysbiosis are in most cases unknown and, therefore, a causal con-
tribution of microbiome dysbiosis for specific pathological disor-
ders has been difficult to establish.

Despite the promising therapeutic potential of microbiome
transplantation, the mechanisms underlying the benefit of the
engrafted microbiota remains poorly characterized as well as the
factors responsible for the high inter-individual variation in the
engraftment of donor strains. A better understanding of microbial
interactions and functions of community members and their influ-
ence in host health and disease will allow in the future to transfer
biome composition and disorders associated with dysbiosis. Illustration by Victoria



Fig. 2. Schematic representation of the human microbiome transplantation, the different methods used to transfer the microbiome from donors into recipients as well as the
methods used for assessing the microbiome composition and engraftment efficiency.
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defined microbiota rather than undefined community mixes which
also may comprise unwanted functions.
2. Dysbiosis and microbiota

Dysbiosis can be described as an alteration of the community
structure of the host microbiota associated with disease. It can
involve loss of beneficial commensals microorganisms, an expan-
sion of potentially harmful microbes (the so-called pathobiome,
which considers not only the potentially harmful microorganisms
themselves but also the complex interactions between microbes
and the environment that may trigger disease), and/or a loss of
microbial diversity [30–32]. Several human pathological condi-
tions previously considered of unknown etiology (idiopathic) such
as obesity, diabetes, Parkinson’s disease or arthritis have been the
focus of microbiome studies. One of the major aimsi of these stud-
ies has been to determine the possible links between bacterial
composition, abundance and activities, either as causal agents or
as protective, and the initiation or progression of disease [33].
However, there is still no clear agreement on what constitutes a
healthy microbiome and discrimination between commensals,
pathobionts and opportunistic pathogens is more complex than
previously thought. Rath et al. [34] recently introduced the concept
of ‘‘pathofunction”, which are specific functional features of the
microbiota such as production of detrimental metabolites, extra-
cellular enzymes, or immunostimulatory molecules that have the
potential to cause disease, whereas other functions such as the for-
mation of short chain fatty acids are typically correlated with a
healthy microbiome. Some of these detrimental bacterial metabo-
lites are trimethylamine, secondary bile acids, hydrogen sulfide,
indole/phenol/p-cresol, N-nitrosamine, branched-chain amino
acids, 4-ethylphenylsulfate and uric acid [34]. An excess of these
microbiota-related compounds can induce host damage directly
or indirectly by affecting downstream processes. For example,
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trimethylamine, a compound produced by the microbiota from
dietary quaternary amines, has been associated with an increased
risk for cardiovascular diseases [35]. The production of these com-
pounds is not restricted to specific bacterial groups but rather
involve a diverse range of taxonomically distinct microorganisms
[34], indicating functional redundancy of taxonomically distinct
bacteria [36]. Therefore, a better understanding of the pathofunc-
tions and the carrying bacteria, their interaction with the host as
well as with the other members of the microbiota, will enable to
design intervention approaches to reduce pathofunctions and
improve host health. These strategies can involve targeting the
pathofunction carrying bacteria, blocking the activity of pathofunc-
tions or stimulating commensals that compete for growth sub-
strates with pathofunction carriers.

Interestingly, there is evidence showing that the gut micro-
biome can exert remote effects in systems beyond the intestine
and the interaction within the microbiota-gut-brain axis has
become an intensive focus of research in recent years [37]. In this
regard, microbiome derived short-chain fatty acids, secondary bile
acids, and tryptophan metabolites have been shown to have a
modulating effect on the central nervous system activity [38].
The microbiome can also be a source of neuroactive metabolites
such as c-aminobutyric acid, norepinephrine, and dopamine [39].
Increasing numbers of studies have reported a link between gut
microbiota dysbiosis and neurological disorders such as multiple
sclerosis [40], autism [41], depression [42] and Parkinson’s disease
[43]. The gut microbiome is also a major regulator of circulating
estrogens in women and reduction of estrogens resulting from dys-
biosis of the gut microbiota can lead to several pathological disor-
ders such as endometrial hyperplasia, endometriosis and infertility
[44].

The gut microbiota is also critical for the development and
modulation of the mucosal innate and adaptive immune system
and exerts an important role in protecting against pathogens by
maintaining gut integrity and regulating intestinal barrier perme-
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ability [45]. Dysbiosis of the gut microbiome can result in alter-
ations of the immune system that can lead to systemic dissemina-
tion of commensal microorganism and increased susceptibility to
pathogenic invasion.
3. Microbiome transplantation: Benefits and limitations

Microbiome transplantation has been investigated for the treat-
ment of several pathological disorders including Clostridioides diffi-
cile infections [46], ulcerative colitis [47], Crohn’s disease [48],
cancer [49] as well as in skin [18] and vaginal [50] pathologies (de-
scribed in more detail in the following sections). Despite its
promising potential, this approach also has some limitations. For
example, there is substantial interindividual variability on the
microbiota that makes it difficult to clearly differentiate healthy
from dysbiotic microbiota and to ascertain a causal relationship
between altered microbiota and disease [51,52]. To establish a
direct contribution of a dysbiotic microbiota to a pathological con-
dition, microbiota-devoid germ-free mice transplanted with
human microbiota from individuals with and without disease have
been used in several studies [53–55]. Also conventional mice trea-
ted with broad-spectrum antibiotics to deplete the recipient
microbiota have been used to establish a causal role of microbiome
alterations in human diseases [56,57]. Although murine models
have been useful for establishing links between altered microbiota
and disease, they have several limitations that hinder the direct
translatability into the human system since not all members of
the human microbiota are capable of efficiently colonizing the
murine system [58]. It is also important to note that extrinsic fac-
tors such as diet or lifestyle that can drive microbiome dysbiosis
cannot be reflected in mouse models [58].

An additional problem is that the humanmicrobiome comprises
not only communities of bacteria but also archaea, fungi and
viruses that alone or in concert with formedmetabolites could play
a role in disease. This poses a challenge for the identification of the
causal microbiome components responsible for the disease.

The efficacy of microbiome engraftment and long-term estab-
lishment is also highly variable among recipient individuals
[59,60]. Hence, efforts need to be made to achieve a better under-
standing of the mechanisms governing the microbiome assembly
and function after transplantation in order to identify microbiome
features in the recipient and donor that predict efficacy. This can
help to select appropriate donor-recipient combinations and will
enable the application of microbiome transplantation in a person-
alized fashion.

Finally, there is a lack of standardization regarding routes of
administration, timing, dosing and safety rules that makes the
interpretation and comparison of data across multiple studies
difficult.
4. Tracking bacterial engraftment after microbiome
transplantation

In patients undergoing microbiome transplantation, samples
are collected before and after the treatment to retrieve information
on the efficacy of donor bacterial strains engraftment and stability
(Fig. 2). This information enables to correlate changes in the micro-
biome composition with the success or failure of the treatment.
The most common approach used for assessing the composition
of the donor bacterial community and for following the establish-
ment and stability of the transplanted microbiome is 16S rRNA
gene amplicon sequencing [61]. Typically, a fragment of the 16S
rRNA gene as taxonomic marker is amplified allowing to deduce
the composition of the amplicon mixture as an indication for the
taxonomic composition [61]. Although this method is usually fast
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and cost-efficient, it does not allow to evaluate the presence of cru-
cial functions and also it is not possible to differentiate between
active (or viable) and inactive (dead lysed or degraded) community
members. Due to the short life span of extracellular RNA compared
with DNA, sequence libraries constructed from reverse transcripts
of RNA have been reported to be a more suitable method for iden-
tifying the active components of a bacterial community [62].
Although there are some programs available that enable to deduce
functional diversity based on 16S rDNA or rRNA profiles [63,64],
one should be cautious when using these programs as important
functions are often not encoded in the core genome of a given spe-
cies or genus. While shotgun metagenomic sequencing, consisting
in the random sequencing of DNA of a given sample, has emerged
as an alternative to amplicon sequencing [65], sequencing costs are
significantly exceeding those of amplicon sequencing. However,
metagenomic analysis does not allow the identification of micro-
biome functions that can be of crucial importance under a given
condition. In this regard, metatranscriptomic analysis, which
involves the massive sequencing of mRNA extracted from an
ecosystem, would give information on active community members
and active metabolic functions [66]. Metatranscriptomic analysis is
less frequently applied in microbiome research, mainly due to the
high instability of mRNA as well as the requirement of additional
methodological efforts such as the depletion of 16S rRNA.

There are many factors that may influence the inferred micro-
biome composition of a given sample, and would impact the
assessment of the microbiome transplantation success or the
changes of the community composition. Among them are the
experimental procedures for collecting, preserving and extracting
DNA from the samples [67–69]. Identifying and controlling for con-
taminant bacterial DNA in the reagents used for these procedures
is crucial, specifically for low-bacterial biomass environments
[70]. In case of metagenomic shotgun sequencing, a reasonable
percentage of bacterial compared to host DNA is indispensable to
characterize the bacterial metagenome at affordable cost [71].

In amplicon sequencing, the selection of the hypervariable
region of the 16S rRNA gene targeted or the specific primer variant
used for amplification are of crucial importance. For example,
whereas primers targeting the V1-V2 hypervariable regions have
now been optimized to detect Bifidobacteriaceae, primers target-
ing the V4 region still fail to detect Cutibacterium sp. [36]. Further-
more, different regions display different efficiency for
discriminating between different bacterial taxa [72]. An additional
key issue is the sequencing technology applied and the tools used
for bioinformatic handling of the data. Most of the short-read
sequencing methods rely on Illumina sequencing, which yield mil-
lions to billions of high-quality sequence reads of a length of typi-
cally up to 300 basepairs. However, a disadvantage of this
technology is the impossibility to assembly long sequences, specif-
ically when sequence repeats are located in the target sequence.
Thus, long-read sequencing technologies such as the single-
molecule real-time sequencing developed by Pacific Biosciences
or the more affordable Nanopore sequencing are necessary to
retrieve high-quality metagenome-assembled genomes [73].

Several pipelines and programs are available to analyze ampli-
con sequencing data. DADA2, a software package that models and
corrects Illumina-sequenced amplicon errors [74], infers exact
amplicon sequence variants from high-throughput sequencing
data and avoids the less accurate clustering of sequences into tax-
onomic units. The naïve Bayesian classifier provided by the Riboso-
mal Database Project (RDP) is one of the most widely used tools for
taxonomic classification of 16S rRNA sequences [75]. This tool
allows down to genus level assignments as well as species-level
assignments to 16S rRNA gene fragments by exact matching. The
SILVA database (https://www.arb-silva.de) is also a highly valuable
source of information [76]. These databases require continuous

https://www.arb-silva.de
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update, specifically when considering the permanent flow of new
information in bacterial taxonomy.

Further analysis of amplicon data requires statistical analysis. A
recent review article [77] focused on the analysis of human micro-
biome studies revealed that there is still a significant fraction of
manuscripts where the software used for the analysis is not men-
tioned or even are not applying any statistical analysis on the data
obtained. That review [77] also gives a systematic overview of
major data analysis strategies.

The biological interpretation of metagenomic information
requires sophisticated computational analyses and comprises read
assembly, binning and taxonomic profiling. A large set of bioinfor-
matic tools is available for practically each step. To help in evalu-
ating these tools, the Critical Assessment of Metagenome
Interpretation (CAMI) initiative was created, which aims to evalu-
ate computational methods for metagenome analysis, and the per-
formance of various metagenome assembly, binning and
taxonomic profiling programs has been assessed [78]. Sequences
are typically annotated by computational analysis using public
databases. However, due to the rapid advances in sequencing tech-
nologies and increasing amounts of sequence information, the
level of misannotations in public databases is immense [79,80]. It
is thus advisable for the future to build up curated databases for
specific research questions of microbial communities in various
diseases [26,36].
5. Fecal microbiome transplantation

FMT involves the transfer of complex bacterial communities
extracted from healthy donors to diseased individuals in order to
change the microbiome composition and correct dysbiosis [6].
The microbiome content can be delivered into the recipient by tube
insertion, rectal enemas, endoscopy or oral capsules, via the upper
or lower gastrointestinal tract [81]. In fact, FMT via capsules makes
the treatment more accessible than delivery through other routes
and enables the treatment of patients that cannot tolerate endo-
scopic procedures. A systematic review of studies using encapsu-
lated FMT to treat rCDI showed similar cure rates evidencing that
this method is as effective as delivering FMT through other routes
[81]. It is also documented that capsules can be stored for months
frozen without loss of activity and the use of appropriate coating
material ensures passing the stomach and release of the active con-
Fig. 3. Number of selected registered clinical trials on microbiome transplantation per c
under categories: recruiting, not yet recruiting, active, but not recruiting, completed, en
categories selected showing the main target ofmicrobiome effect/intervention being stu
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tent in the intestine [82]. Furthermore, capsules can be even stored
in the patient’s own refrigerator [83].

FMT has been shown to be highly effective for the treatment of
rCDI [9,10], a disease that is poorly treatable with conventional
antibiotic therapy, with a treatment success rate of 85%-89,7%
[84]. The efficacy of FMT for treatment of rCDI has increased the
interest in its application for other pathological disorders, leading
to a number of registered clinical trials (Fig. 3). Overall, there is
now accumulating evidence that FMT can induce remission in
ulcerative colitis [12,13], however, with success rates below those
observed in rCDI. The results of a first clinical trial for the treat-
ment of Crohn’s disease, the secondmajor subtype of inflammatory
bowel disease, are also promising [14] as were those analyzing the
effect of healthy microbiota transfer in chronic pouchitis [15].
Microbiota transplantation is currently being tested in the context
of several other diseases, with a recent overview given by Golden-
berg and Merrick [12].

Of particular importance in FMT is the selection of stool donors,
which should be chosen based on their good health condition and
absence of any detectable infectious agents [85]. In 2019, two
immunocompromised patients were reported to develop bac-
teremia caused by extended-spectrum beta-lactamase-
producing Escherichia coli after FMT in two independent clinical tri-
als after receiving FMT from the same donor [86]. Screening for
these pathogens was made standard practice since then [87]. How-
ever, it should also be noted that microbial phenotypes may be
transmitted during FMT that can promote later development of
non-communicable disorders in the recipient. In fact, centralized
stool banks that organize recruitment and screening the health sta-
tus of the donors including health questionnaires as well as stool
and blood testing are currently being established or discussed
[87]. History of malignancies or autoimmune disease as well as
abnormal blood values, serology for Hepatitis virus and Human
immunodeficiency virus are excluding criteria [88]. Screening
donor stool for potential pathogens is an important issue in FMT
and constitutes a strict criterion for donor selection [89]. Stool test-
ing not only includes common enteric pathogens such us C. difficile
orHelicobacter pylori but also antibiotic-resistant bacteria including
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant Enterococci (VRE), extended-spectrum b-lactamase-
producing Enterobacteriaceae, and carbapenem-resistant Enter-
obacteriaceae [88]. Donor stools are also screened for viruses such
as norovirus, rotavirus and adenovirus, parasites such as Giardia
lamblia and Cryptosporidium spp. and protozoa/helminths such as
ountry at September 2021 (Source https://clinicaltrials.gov/). Included are the trials
rolling by invitation, terminated studies, interventional Sstudies). Non-redundant
died.

https://clinicaltrials.gov/
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Blastocystis hominis and Dientamoeba fragilis [88]. Due to the cur-
rent Covid-19 pandemic, inclusion of a test for SARS-CoV-2 via
nasopharyngeal swab and/or RNA detection in stool has been rec-
ommended [90]. Thus, the identification of healthy donors that
meet all criteria for FMT is not always easy and this screen often
results in the exclusion of a high percentage of potential donors
[89].

Differences in FMT efficacy have been observed between differ-
ent diseases and may reflect differences regarding the importance
of the gut microbiota in their respective pathogenesis. For example,
whereas a rCDI is almost purely caused by alterations in the gut
microbiota, other diseases are much more complex and involve
immune and genetic factors [91]. FMT studies on IBD patients have
revealed variations in the recipient responses depending on the
donor stool used, which indicate differences in the capacity of
donor stools to engraft the recipient. A successful engraftment is
typically manifested by a change of the microbial community com-
position of the recipient to one resembling the donor and by an
increase in microbial diversity. Hence, selection of appropriate
stool donors based on their microbiota composition is key for
FMT success [92]. Typically, the microbiota composition of dis-
eased individuals, e.g. in ulcerative colitis [93], exhibits reduced
diversity compared to healthy microbiota and a high microbial
diversity of the donor stool has been reported as crucial for treat-
ment success [94,95]. In addition, FMT should also restore the
specific metabolic disturbances associated with the given disease
phenotype such as the depletion of butyrate-producing bacterial
species in Crohn’s disease and ulcerative colitis [96]. In these cases,
only microorganisms associated with the specific metabolic path-
way will be of benefit for the patient. It has been suggested that
treatment success could be improved by using a multi-donor
approach [97]. Also the term ‘‘super-donor” has been proposed to
describe donors the stool of which yield significantly better FMT
outcomes than the stools of other donors [98]. Following FMT,
the recipient microbiota has been shown to contain species derived
from the recipient- and those derived from the donor as well as
newly acquired species [60], suggesting that complex microbial
interactions contribute to FMT engraftment. Overall, the stability
of the changes introduced by FMT in recipients can range from sev-
eral days to several years [99,100]. To improve engraftment, an
intensified protocol comprising a higher frequency of FMT over
an extended time period was suggested [101].

In addition to the donor, also characteristics related to the
recipient can have a significant effect on the engraftment success
and on the stability of the transplanted microbiota. One important
factor is host genetics, which has been shown to influence the com-
position of the gut microbiome [102]. More recently, an association
between specific human gene variants and the abundance of speci-
fic microbial taxa such as Rikenellaceae, Faecalibacterium, Lach-
nospira and Eubacterium in the gut microbiota has been identified
that can also explain differences in engraftment success in differ-
ent recipients [103]. Also differences in the recipient immune
response toward the transplanted microbiota has been shown to
influence the FMT success [92]. Accordingly, an immune screening
approach was suggested for selecting the most compatible gut
microbiota donor for ulcerative colitis patients before FMT [104].
More recently, however, it was shown that the suggested immuno-
logic compatibility testing was not useful for donor selection [105].
The clinical status of the recipient and taken medications as well as
dietary interventions are also important factors to consider when
discussing the success of FMT.

In addition to bacteria, fungi, archaea and viruses play a role in
the establishment of the novel commensal community after FMT
and in the therapeutic effects. However, compared to reports on
the microbiota, reports on the mycobiome, the archaeome and
the virome are scarce. The existing literature on the human myco-
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biota and how fungi interact with the human host and other
microbes has recently been reviewed [106]. Analysis of the myco-
biome performed in IBD [107] and colorectal cancer [108] patients
showed a higher Basidiomycota/Ascomycota ratio and a decreased
proportion of Saccharomycetes in both cases in comparison to
healthy individuals. These observations suggest that the myco-
biome might play a role in both diseases. A high abundance of Can-
dida in the recipient stool has been associated with a high clinical
response to FMT in a cohort of ulcerative colitis patients [109].
Clearly, further studies are required to better evaluate the effects
of the mycobiome in FMT.

Safety is an important issue in FMT, particularly when the recip-
ients are immunocompromised patients. As transfer of undefined
microbial communities may pose some risks, it has been investi-
gated whether a sterile filtrate of fecal microbiota also exerts ben-
eficial biological effects. In a small cohort of five patients with rCDI,
it was shown that such a filtrate was sufficient to change the gas-
trointestinal microbiota and eliminate symptoms [110]. This indi-
cates that bacterial components, metabolites, or bacteriophages
could mediate the effects of the classical transfer of whole fecal
microbiota. Significant efforts are currently being made to charac-
terize the human virome and the effects exerted by fecal virome
transplantation (for a review see [111]). Several reports on fecal
transfer in rCDI have emphasized the importance of the viral com-
ponents. Thus, whereas Zuo et al. [112] reported that CDI patients
exhibited a high abundance but low diversity of Caudovirales that
significantly decreased after FMT, Fujimoto et al. [113] revealed
that the proportion of Microviridae increased after FMT in CDI
recipients. Studies reported by Park et al. [114] indicated that bac-
teriophage abundance in stool donors may have some role in
determining the relative success of FMT, with a low bacteriophage
number but high diversity increasing success rate. Also data from
IBD patients support the importance of virome alteration [115].
Similar to CDI patients, patients with ulcerative colitis exhibited
an increased abundance of Caudovirales [116]. However, Caudovi-
rales were even more significantly enriched in individuals who
failed to respond to a fecal transplant [116]. Given the importance
of the virome in fecal transplantation, further studies are needed to
better define the effects of the different components.
6. Skin microbiome transplantation

The skin is a large organ harboring a high diversity of commen-
sal microorganisms that exert barrier functions and maintain
homeostasis [117]. The bacterial taxa associated with the skin
microbiome vary depending on the features of the skin sites which
can be differentiated as sebaceous, moist and dry. For example,
whereas Cutibacterium species are prevalent at sebaceous skin
areas, Staphylococcus and Corynebacterium spp. are more abundant
in moist environments [117]. The skin microbiota plays a pivotal
role protecting against pathogenic microorganisms by competition
in a process named ’colonization resistance’ or by producing
antimicrobial peptides [117,118].

Many common skin disorders such as acne and atopic dermati-
tis are associated with dysbiosis of skin microbiota [119,120]. Sim-
ilar to FMT, skin microbiota transplantation could provide a
suitable approach for the amelioration of skin diseases severity.
However, research on skin microbiota transplantation is still in
its infancy. Skin microbiome transplantation can be achieved by
transferring either whole skin microbiota collected from a healthy
individual or an artificial mixture of selected microorganisms to
the recipient skin area [121]. Major work so far has been invested
in the treatment of atopic dermatitis (AD), which is characterized
by a high abundance of Staphylococcus aureus and a decreased
microbial diversity [122]. Generally, treatment of AD flares with
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emollients is reported to restore the diversity of the skin micro-
biome and reduce disease severity [123]. As metabolic products
of Staphylococcus epidermidis were reported to improve skin mois-
ture retention, Nodake et al. [124] determined the effect of applica-
tion of S. epidermidis and could show that this treatment increased
the lipid content of the skin and suppressed water evaporation.
More importantly, coagulase-negative staphylococci (CoNS) are
able to produce various types of bacteriocins and small cyclic pep-
tides which inhibit the S. aureus quorum-sensing system [125]. As
CoNS strains with antimicrobial activity were common in the nor-
mal population but rare in AD patients, it was thought that such
strains may be good agents for the treatment of AD [118]. Further-
more, the observation that application of antimicrobial CoNS
strains to the skin of AD patients resulted in decreased colonization
by S. aureus [118], fostered the implementation of a clinical trial
where Staphylococcus hominis A9, a bacterium isolated from
healthy human skin, was tested as a topical therapy for AD [126].
In fact, the safety and potential benefits of such bacteriotherapy
could be demonstrated in those clinical studies.

The skin microbiota has recently been reported as the main
reservoir of Roseomonas mucosa, which was classified as an emerg-
ing opportunistic pathogen [127]. Interestingly, R. mucosa collected
from healthy volunteers improved the outcomes of AD in experi-
mental models through multiple mechanisms that target epithelial
barrier function, innate/adaptive immune balance and S. aureus
growth. On the other hand, isolates of R. mucosa from patients with
AD were found to worsen the disease outcomes in these models
[128]. Based on these pre-clinical data, the therapeutic potential
of topical R. mucosa has been tested in a small cohort of AD patients
[18]. Although treatment was associated with a significant clinical
improvement, a direct role of R. mucosa in AD could not be estab-
lished since the composition of the skin microbiota before and
after treatment with R. mucosa was not determined in the enrolled
patients [18].

Imbalance in skin microbiota and specifically the presence of
inflammatory C. acnes strains has been associated with the devel-
opment of acne [129]. In this context, application of non-acne-
causing C. acnes strains to the skin was proposed as a potential
therapy. Accordingly, the modulation of the skin microbiome after
transfer of either complete microbiomes or solutions containing
distinct C. acnes strains was investigated [130]. The authors
demonstrated some engraftment after application of the complete
microbiomes and the establishment of C. acnes strains when
applied as multi-strain mixture [130]. Clinical improvements have
been also observed in a small pilot study after application of C.
acnes formulations to patients [129].

Skin microbiome transplantation has also been considered as a
means to remove bad armpit odor [131], where the malodor-
causing microbes are replaced by non-odorous microorganisms
such as S. epidermidis or C. acnes [132]. Although this strategy is
looking promising, more investigation is required to determine
the stability, efficacy, and safety of skin microbiota manipulations
in general.
7. Vaginal microbiome transplantation

The vagina harbors high numbers of commensal microorgan-
isms. Although Lactobacillus spp. have been identified as dominant
microorganisms of vaginal microbiota of healthy reproductive-age
women [133], the composition is deeply influenced by physiologi-
cal factors such as hormone levels as well as other factors such as
sexual activity [134–137]. By producing lactic acid, Lactobacilli sus-
tain a low pH in the vaginal environment that inhibit growth of
potential pathogens [135]. Vaginal dysbiosis has been associated
with several pathological conditions such as bacterial vaginosis,
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increased risk for sexual transmitted infections, preterm labor or
preterm premature rupture of membrane [138,139]. For example,
bacterial vaginosis, a very common condition affecting women of
reproductive age [140], is caused by a decline in the number of Lac-
tobacillus and overgrowth of anaerobic bacteria such as Gardnerella,
Prevotella, Atopobium or Fannyhessea [141,142]. Although conven-
tional treatment of bacterial vaginosis with oral or topical antibi-
otics may show temporary efficacy, recurrence of infection is
frequently observed [143]. Clinical studies to investigate the effi-
cacy of oral or vaginal administration of Lactobacillus spp. either
alone or as adjunct therapy to patients suffering of bacterial vagi-
nosis have been performed [144,145]. In these studies, a large set
of Lactobacillaceae species have been used, including Lacticas-
eibacillus casei or rhamnosus, Levilactobacillus brevis, Limosilacto-
bacillus reuteri or Lactiplantibacillus plantarum, which are rarely
present in vaginal samples. Vaginal communities are typically
dominated by Lactobacillus crispatus or Lactobacillus iners and more
infrequently by Lactobacillus jensenii or Lactobacillus gasseri [133].
Whereas L. iners is generally excluded because it may encode fac-
tors that are harmful to the vaginal mucosa [146], a mixture of L.
crispatus, L. gasseri, L. jensenii and L. rhamnosus is often applied
[147].

The outcome of the studies investigating the effect of probiotics
administration for the treatment of vaginal disorders is highly con-
troversial. For example, two recent case studies not only failed to
demonstrate an increase in cure rate after treatment but they also
showed that the applied L. rhamnosus and L. reuteri strains did not
change the community structure or could establish themselves in
the targeted ecosystem [144,145]. A recent systematic review
[148] indicated that probiotics are promising tools to cure vagi-
nosis, however, the authors also indicated that the applied bacte-
rial strains failed to colonize the vagina and could not be
detected after the dosing period. To improve probiotic delivery
and establishment into the vagina, new methods such as incorpo-
ration of probiotics in fibers to optimize survival [149] or of 3D
printed scaffolds embedded with bacteria [143] have been
proposed.

Due to the success of FMT to treat C. difficile infections, vaginal
microbiome transfer (VMT) is currently discussed to treat vaginal
dysbiosis [50,150]. However, research on VMT is still in its infancy,
even though a recent review [19] discussed an early study by Gard-
ner and Dukes [151], where Gardnerella vaginalis was transferred
by direct inoculation of material from the vaginas of infected
women into the vaginas of healthy volunteers that developed dis-
eased after transfer, as the first ‘‘successful” VMT. This clearly indi-
cates that cautions have to be taken to avoid the transfer of any
unwanted microorganism or agent when the aim is to treat a dis-
ease. In accordance, a universal donor screening approach has
recently been implemented in a small pilot study [152]. The poten-
tial of VMT is also supported by epidemiological evidence provided
by various studies showing that vaginal microbiota is transferred
between women who have sex with women through sexual prac-
tice [19,153]. An exploratory study evaluating the use of VMT from
healthy donors in a small number of patients suffering from
intractable bacterial vaginosis has shown full long-term remission
in most of the patients [50]. However, the efficacy of VMT for the
treatment of bacterial vaginosis needs to be further validated in
randomized, placebo-controlled clinical trials.

A related approach is the so-called ‘vaginal seeding’ where a
cotton gauze or a cotton swab inoculated with vaginal fluids of
the mother is used to transfer the vaginal microbiota to the mouth,
nose, or skin of a newborn infant [154]. This approach is based on
the observation that neonates born by caesarian section have dif-
ferent microbiome composition than those vaginally delivered
[155,156] and also fewer maternally-delivered strains [157]. The
altered microbiome in infants born by caesarian section has been
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suggested to increase the risk to suffer later from obesity, asthma,
allergies, and immune deficiencies [158]. Despite the potential
benefits, the procedure of vaginal seeding has raised concern about
its safety and infection risks to neonates need further exploration
[159].

Manipulation of the microbiota may also be a promising strat-
egy to manage urinary tract infections (UTIs). In fact, the human
urinary tract has now been reported to contain a specific micro-
biota [160] and, therefore, an UTI may also be considered as a uri-
nary tract dysbiosis [161]. Traditionally, UTIs are treated with
antibiotics to achieve sterility. However, antibiotic treatment
results not only in the elimination of pathogens but also of benefi-
cial, protective microbial populations. Modulation of the urinary
tract microbiota by probiotics may thus be an alternative strategy
to treat UTI. In this regard, a moderate reduction in the incidence of
UTI has been observed in patients receiving a vaginal L. crispatus
probiotic [162]. Additional reports have confirmed the usefulness
of vaginal suppositories containing L crispatus to reduce coloniza-
tion by uropathogenic bacteria [163]. Given the interconnection
between urinary tract and vaginal microbiota, also a VMT is dis-
cussed for the treatment of UTIs, but this strategy has not been
explored yet. FMT has also been reported to reduce UTI frequency
in CDI patients [164]. Even though the mechanism underlying this
phenomenon is not yet clear, it is assumed that FMT reduces the
abundance of uropathogens in the gut, which is a risk factor for
UTIs [165].
8. Microbiome transplantation and cancer

Dysbiosis has been implicated in the pathophysiology of several
types of cancer [166–168]. The influence of commensal bacteria in
cancer progression seems to be mediated by their metabolic activ-
ities and their modulation of immune cells and inflammation. For
example, several studies have provided evidence that butyrate, a
short-chain fatty acid produced by bacterial fermentation of fiber
in the colon, exhibits anti-cancer activity in colorectal cancer
[169,170]. Patients with colorectal cancer have lower levels of
butyrate producers in the gut microbiota than healthy individuals
[170,171].

Immunotherapy, which involves targeted immune-based
strategies that enhance the capacity of the immune system to
destroy cancer cells, has emerged as a powerful tool for cancer
treatment [172]. However, the efficacy and adverse side effects of
immunotherapy among cancer patients are highly variable [173].
Although the precise reason for this variability is still unclear, sev-
eral studies indicated a potential influence of the gut microbiota in
the inter-individual variability in the outcome of cancer
immunotherapy [174,175]. Further evidence for a role of the
microbiota in cancer immunotherapy has been provided by the
increased response of germ-free mice to immunotherapy after
FMT from responding patients [176]. Antibiotics are routinely
given to patients undergoing immunotherapy to reduce the risk
of infection. Long-term antibiotic therapy can cause gut dysbiosis
and several studies have reported an association of antibiotic treat-
ment and poor immunotherapy outcomes [177–179]. Therefore,
replenishment of commensal bacterial populations with beneficial
bacteria may improve the response in cancer patients undergoing
immunotherapy. In this regard, a clinical trial conducted with
patients after bone marrow transplantation showed that transfer
of autologous fecal microbiota collected before transplantation
could in most of the cases reconstitute the microbiota composition
and diversity that the patients originally had [180]. First-in-human
clinical trials are currently ongoing to test the potential of FMT to
improve the response of patients with PD-1-refractory melanoma
to immunotherapy [49,181]. The results of these studies indicate
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that FMT changed the gut microbiome and reprogrammed the
tumor microenvironment to overcome primary resistance to
anti–PD-1 in a subset of patients with advanced melanoma
[49,181]. Although these studies provide proof-of-concept evi-
dence for the beneficial effect of FMT in cancer patients, this proce-
dure will only be implemented in clinical practice after the precise
molecular mechanisms underlying this effect are uncovered.
9. Summary and outlook

The benefits of microbiome transplantation for the treatment of
many pathological disorders are now undeniable. However, the
transfer of live microorganisms from healthy donors to patients
is not without risk. In this regard, regulatory standards on screen-
ing for pathogens need to be implemented to diminish the risk of
transferring microorganisms with pathogenic potential, in particu-
lar those carrying antibiotic resistances. Furthermore, standardiza-
tion of methods, techniques and processes for microbiome
collection, preparation and storage across the different centers will
be critical for estimating the efficacy of microbiome transplanta-
tion in the different clinical studies. Efforts in this direction are cur-
rently under way [84].

The future of microbiota-based therapeutics will be the admin-
istration of rationally well-defined consortia of microorganisms
that have been selected based on their beneficial effect rather than
entire microbiomes. This will require a precise characterization of
the microbial community members in health and during dysbiosis
in disease conditions. Prospective studies where the microbiome is
characterized in all participant individuals prior to the occurrence
of disease will facilitate the establishment of a causative effect of
dysbiosis on disease. Targeting the microbiome pathofunctions
may be also an important area of research in the future. Therefore,
future research should aim at getting a better understanding of the
interactions between the microbiome and their host as well as the
interactions between the different members of the consortia that
underlie microbiome assembly and functionality in healthy and
pathological settings. Based on this knowledge, therapeutic or pre-
ventive strategies can be developed to target the specific patholog-
ical functions of the microbiota in a more personalized fashion.
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