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Abstract Intestinal microbiota, which contains bacteria, archaea, fungi, protists, and viruses
including bacteriophages, is symbiotic and evolves together with humans. The balanced intes-
tinal microbiota plays indispensable roles in maintaining and regulating host metabolism and
health. Dysbiosis has been associated with not only intestinal diseases but other diseases such
as neurology disorders and cancers. Faecal microbiota transplantation (FMT) or faecal virome
or bacteriophage transplantation (FVT or FBT), transfers faecal bacteria or viruses, with a
focus on bacteriophage, from one healthy individual to another individual (normally unhealthy
condition), and aims to restore the balanced gut microbiota and assist in subduing diseases. In
this review, we summarized the applications of FMT and FVT in clinical settings, discussed the
advantages and challenges of FMT and FVT currently and proposed several considerations pro-
spectively. We further provided our understanding of why FMT and FVT have their limitations
and raised the possible future development strategy of FMT and FVT.
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Introduction

Gut microbiota, which consists of all the living microor-
ganisms that inhabit the gastrointestinal tract, plays an
essential role in maintaining human health.' Dysbiosis,
defined as an imbalanced microbiota, has been associated
with many diseases, including the gastrointestinal tract
diseases such as Clostridium difficile infection (CDI), the
metabolism disorder diseases such as obesity and cirrhosis,
and neurological disorders neurological through the
gut—brain axis such as stroke.”

Faecal microbiota transplantation (FMT) transfers the
donor’s intestinal microbiota to the recipient’s intestine,
thereby assisting in regulating the health of the recipient
via transferred microbiota. FMT had obtained great
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success in treating intestinal infections, especially the
ones related to pathogens with antibiotic resistance.’
However, there were few cases of FMT in clinical use
clearly clarifying functional microorganisms or compounds
that contribute to the intestinal microbiota recovery and
disease cure processes, and therefore more efforts are
needed to identify the underlined mechanism.® The gut
microbiota is a total collection of microorganisms found in
the human intestine, including bacteria, archaea, fungi,
protists, and viruses. Notably, gut viromes were changed
in the successfully cured cases after FMT compared to the
initial virome.” Recently, the enterovirus, such as bacte-
riophages, had shown promising results in protecting mice
from dextran sulfate sodium-induced colitis, as the virus
elimination in the intestine will lead to the exacerbation
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FMT for different kinds of disease. Unfortunately, due to various elements (i.e., mixed qualities, study designs, patient

sizes, outcome measures, etc.) needing to be concerned, the included studies are not enough for evaluating the effect rank of FMT
on different diseases. However, as shown in supplementary files, besides CDI, IBD and IBS, chronic pouchitis, Intestinal aGvHD,
hepatic-associated disorders, obesity, metabolic syndrome, depression symptoms, and multiple sclerosis are the potential future

priorities for FMT research.
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of enteritis.® Moreover, researchers also proposed faecal
virome transplantation (FVT) with a focus on transferring
bacteriophages as a less invasive and more comprehensive
treatment than FMT.® Hence, we reviewed and compared
the clinical application of FMT and FVT, and discussed
their current concerns and possible future development
trends.

FMT
Clinical trials and standard of FMT

Since the first reported clinical use of FMT, there has been
an increasing interest in its usage and diseases, including
infectious diseases (such as CDI and inflammatory bowel
disease (IBD)), metabolic diseases (such as obesity/dia-
betes, cardiovascular disease, and hepatitis), mental ill-
nesses (such as depression), neurological disorders (such as
autism, Parkinson’s disease, and Alzheimer’s disease), and
immune system diseases (such as allergies) have been re-
ported to be cured or ameliorated by using it (Fig. 1). With
the maturity of FMT technology and the improvement of
trial effects, as of 20 August, 2022, a total of 415 clinical
trials were enrolled. Of these, there were 178 ongoing and
planned clinical trials of FMT in the treatment of diseases
on the clinicaltrials.gov website, and 111 clinical trials have
been completed. (20 August, 2022, Intervention/treatment
search ‘FMT OR (fecal microbial transplantation) OR fecal
OR faecal OR microbiota OR stool’).

With the development of FMT therapy, a standard pro-
cessed protocol for FMT, which contains the collection,
preparation, and cryopreservation of faecal samples, was
systemically constructed.® In addition, to minimize the risk
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of infection or other disease transmissions, a protocol for
donor screening including thorough history checking, sero-
logical tests, and faecal tests for parasitic, virologic, and
bacteria1l1 pathogens has been discussed and established
(Fig. 2).

FMT application in different diseases

FMT application in infectious diseases

C. difficile infections (CDI) and IBD. The CDI cases had
grown up by 42.7% between 2001 and 2012, together with
the increasing incidence of multiplying recurrent C. diffi-
cile infection (rCDI) by 188.8% in the United States.'” We
hypothesized that such a disproportionate increase is
probably due to antibiotic overuse. Barkin and colleagues’
research found that 134 out of 282 C. difficile-positive
stool samples were found to have resistance to imidazole,
17 to vancomycin, and 9 to imidazole and vancomycin."?
And, the meta-analysis by Slimings et al. that included 39
studies showed that the most important risk factor of
healthcare facility-associated CDI was antibiotic use.’ In
addition, early antibiotic exposure was reported to
increase the risk of FMT failure.” The standard protocol
of FMT has been widely used in the clinical cure of CDI,
especially the rCDL.'® A meta-analysis focused on the
effect of FMT on CDI treatment demonstrated the FMT
treatment reached a 78.1%—94.8% cure rate which was
defined as the successful resolution of CDI symptoms.'®
Moreover, another group reported that the ameliorative
effects could be found in around 83.1% of patients with
rCDI after FMT treatment during the 3 months’ follow-up
time (range 2-7.7 months)."” But in a previous meta-
analysis that included 5 studies (involving 3683
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The process of faecal microbiota transplantation (FMT) sample preparation. (1) Collecting donors’ faeces in the

hospital (2) Mixing donors’ faeces with sterile saline (3) Homogenizing the mix (4) The suspension of faeces gained after filtering

and centrifugation.
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participants), the mortality rate for certain conventional
CDI treatments (diverting loop ileostomy and total
abdominal colectomy) was 30.3%.'® A meta-analysis also
showed that FMT treatment has higher efficacy than
vancomycin only or fidaxomicin only." Faecal dilution has
great potential to prevent mice from CDI.?° Several
reports on IBD patients with FMT treatment also found
the remission rates of ulcerative colitis (UC) and Crohn’s
disease (CD). Patients were 39.6% and 47.5%,
respectively, with a mean follow-up of 6.1 and 7.8
months for each.”’ On the other hand, in other IBD
treatments (infliximab and vedolizumab), the clinical
remission rates (dependent on Crohn’s Disease Activity
Index scores) are 39%-54% with a follow-up of 50-54
weeks.??

Other infectious diseases. FMT had been used in treating
many other gut infectious diseases, including diarrhoea,
chronic pouchitis, slow transit constipation, and pseudo-
membranous enteritis. We listed all the found reports in
detail in Table S1. Unfortunately, most of the studies had a
limited number of patients without a control group or to
perform statistical analysis that makes clinical sense. In
most of the studies, such as sepsis, chronic pouchitis and
slow transit constipation, FMT showed positive results in
ameliorating or curing diseases. For infectious diseases,
Klebsiella  pneumoniae  infection and recurrent
Campylobacter jejuni infection, although the size of
cases was small, their result also revealed the possibility
that FMT rebalances the gut microbiota.

In summary, these results indicate the efficiency and
huge potential of FMT for treating related gut infectious
diseases. However, FMT does not always work on all in-
fectious diseases. Both recently published meta-analyses of
FMT on irritable bowel syndrome (IBS) and acute pancrea-
titis treatment in Table S1 reflected that FMT is not
significantly superior to the placebo groups. Furthermore,
we found that the frequency of FMT and the dose of the
FMT may also affect the outcomes of FMT therapy, which
might explain the failed cases presented in Table 51.23

FMT application in metabolic diseases

With the fundamental reports that associated gut micro-
biota with metabolic diseases, there has been growing
attention to testing FMT on metabolic diseases such as
obesity, diabetes, and hepatic metabolic diseases (Table
S2). In Table S2, the failure rates of FMT cases were not
high, as they ranged from 14.3% to 40%, in the main types of
metabolic diseases (obesity and diabetes (3/8), liver dis-
ease (1/7), and metabolic syndrome (2/5)). Notably, when
referring to the potential mechanism, according to the
listed studies that were involved in the treatment of he-
patic diseases and indicated in Table S2, the restoration of
the imbalance in the intestine could modulate the number
of liver T cells and reduce liver steatosis to ameliorate liver
diseases.?*?> More than half of successful cases used more
than once FMT to treat diseases, and it seems better to use
more than 50 g of faeces at a time during administration.
Non-failed cases recorded a high dose and frequency of use
at the same time. Therefore, more systemic research with
more patients should be carried out to clarify the influence
of dose and frequency on trial efficiency.
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FMT application in mental illness and neurological
disorders

Unambiguous evidence showed the link between gut
microbiota and the brain via the gut—brain axis.?® Several
studies also demonstrated that FMT induced a systemic
change of plasma metabolites (such as short-chain fatty
acids (SCFAs) and necrosis factor-o. (TNF-o)), modulated the
expression of proteins in brains (such as Iba1, a-synuclein,
amyloid protein), and improved the scores of cognitive,
behaviour and mood of both mental illness and neurological
disorders.”’~2° As shown in Table S3, the major neurological
disorders including autism spectrum disorder (ASD), Par-
kinson’s disease (PD), Alzheimer’s disease (AD) and de-
mentia could be found to have significant remissions of 3/3
cases, 4/4, 2/2 and 2/2 respectively, after FMT. As the
typical mental illness, of 9 depression cases involving 139
patients, 8 cases demonstrated that FMT brought positive
results. And for other mental illnesses and neurological
disorders, FMT also showed great ability in alleviating
symptoms (e.g., bipolar disorder, fatigue, anorexia nerv-
osa, multiple sclerosis, and neuropathy). Moreover, the
effects of FMT on other neurological diseases, such as
amyotrophic lateral sclerosis,** multiple sclerosises,*' epi-
lepsy,®? strokes,** and sepsis-associated encephalopathy**
have been respectively investigated in animals but not
verified in clinical studies yet. Overall, the potential utili-
zation of FMT for mental illness and neurological disorders
treatment offered us a promising way to assist current
treatments of these diseases.

FMT application in other diseases

Considering the close interaction between gut microbiota
and the immune system, quite a few attempts had been
made to adjust the immune response or inflammation with
the FMT (Table S4). Intestinal acute graft-versus-host dis-
ease (aGvHD) is the most well-studied disease with a low
failure rate (3/16). One of these cases confirmed that FMT
had more significant effects (P = 0.003) in prolonging the
progression-free survival period which was defined as no
disease symptom, no death and no new infection with CMV
and EBV in this period than the control group.* For skin
diseases such as psoriatic arthritis, atopic dermatitis and
alopecia areata, although the size of treatment and the
number of trials are small, an exciting prospect that uses
FMT to treat them is reflected. In the case of people with
HIV, FMT could even stop antiretroviral therapy for several
days.*® It also showed the possibility for FMT to treat re-
fractory celiac disease type I, primary sclerosing chol-
angitis, dry eye, hepatic myelopathy, IgA nephropathy, and
membranous nephropathy in clinical trials (Table S4). In
addition, with the help of prednisone, FMT also can alle-
viate systemic lupus erythematosus in mice.?”

Further, gut microbiota had been found to play essential
roles in enhancing the therapeutic effect of cancer immune
therapy and reducing related side effects.*® Many studies
verified the interaction between microbiota and cancer,
including cancer-associated intestinal microbiota, intra-
tumoral microbiomes and strategies that microbiomes in-
fluence various cancer treatments.>*** Clinical trials
evaluating gut microbiota-caused cancer immunotherapy
efficiency changes have been widely set.*’ Interestingly, in
the three cases of FMT treatment of CDI and non-infectious
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diarrhoea, the patients’ alopecia symptoms were also
significantly relieved.*"*> Recent studies have also shown
that obesity accelerates hair follicle atrophy and induces
hair loss.*> FMT has shown great potential to reverse or
mitigate the disbalance of gut microbiota and the
dysfunction of organs induced by chemotherapy and allo-
geneic hematopoietic stem cell transplantation.***> Un-
fortunately, due to various elements (i.e., mixed qualities,
study designs, patient sizes, outcome measures, etc.)
needing to be concerned, the included studies are not
enough for evaluating the effect rank of FMT on different
diseases. However, as shown in supplementary files, be-
sides CDI, IBD and IBS, chronic pouchitis, Intestinal aGvHD,
hepatic-associated disorders, obesity, metabolic syndrome,
depression symptoms, and multiple sclerosis are the po-
tential future priorities for FMT research.

Potential underlined mechanism of FMT

With the increasing clinical use of FMT, the underlined
mechanisms of FMT have also been evaluated. Transferred
gut microbiota could restore recipients’ intestinal micro-
biota, and improve the intestinal barrier function by
affecting the signal expression pathways, cytokines, and
tight junction proteins.“® Furthermore, the augmentation
of intestinal barrier function and enhancement of cellular
mitochondrial and ribosomal activities in the intestine can
further help the restoration of aberrant host metabolisms,
the production of functional chemical compounds in sera,
or the suppressed activation of inflammasomes, the
consequence of which is ameliorating diseases symptoms of
other organs.*’~*’ FMT has also demonstrated the potential
interaction with immune cell infiltrates, gene expression
profiles in the tumour microenvironment,*“%*° the
expression of innate immune activation markers and the
activation of immune cells.’">?

Current challenges and opportunities of FMT

The biological safety of FMT has always been a concern and
raised more attention in recent years. In March 2020, the US
Food and Drug Administration (FDA) issued a safety alert
regarding the use of FMT for CDI patients. In total, six CDI
patients had different degrees of Escherichia coli infection,
and four out of these six patients needed to be hospitalized
for treatment.>® Zellmer et al. proposed that Shiga toxin-
producing E. coli may be transmitted to patients from
healthy donors.’* These pathogenic bacteria are probably
induced by unthorough donor selections and biological ex-
aminations, or nonstandard processing procedures. In
addition, new infections such as COVID-19 and currently
unknown infections will also emerge to threaten the safety
of the FMT.

In addition, to follow strictly the donor screening and
FMT preparation procedures as mentioned earlier, several
kinds of other FMT material preparation processes have
been built, including the washed microbiota trans-
plantation,®® priority pathogens-absent FMT (RBX2660),%°
purified Firmicutes bacterial spores (SER-109),%” anaerobi-
cally cultivated human intestinal microbiota, which was
continuously cultured from the healthy donor without
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pathogens,>® as well as the recent developed methods to
design a complex community of bacteria that represents
the most common taxa based on the human micro-
biome.>*:%° All these methods and conducts may be served
as replacements for the FMT to obtain a more under-
controlled and pathogens-free microbiota transplant in
the future. Furthermore, considering the interaction be-
tween the donor bacteria and the resident bacteria of re-
cipients, the faecal microbiota bank, which provides large
possibilities to match the donors and recipients, has been
encouraged.®’ For producing safer FMT products, both FDA
and the Australian Therapeutic Goods Administration have
announced guidances.®? %* Some products also have been
approved under these strict standards.®>®® RBX2660, one of
the approved products, has been conducted in many clin-
ical trials and gained considerable results. Eight of these
studies have been published on PubMed with 874 partici-
pants included and every trial has recorded a positive
improvement.®” % Three extra completed trials and two
undergoing trials can be found on clinicaltrials.gov up to 9
February 2023 (Intervention/treatment search “RBX2660”,
choose the status of recruiting, enrolling by invitation,
active, and completed). Notably, scientists recently
applied phage-delivered CRISPR-Cas9 to remove genes or
kill targeted bacteria by inducing double-strand DNA
breaks, thus modulating the microbiome in vivo.”® This
provides a great opportunity to avoid the transfer of anti-
biotic resistance pathogens by FMT.

Gut virome and FVT
Gut virome

Gut virome refers to all the intestinal viruses and their
genomes, including 0.1% archaeal viruses, 2.1% eukaryotic
viruses (including plant and mammalian viruses) and 97.7%
bacteriophages.”’””? The human intestine contains about
10" bacteriophages, which are more than 100 times the
number of bacterial cells or human cells.>’®> Bacterio-
phages have two replication cycles: the lysogenic cycle
(Fig. 3-(1)), that bacteriophages integrate their genetic
content into the host bacterial genome and replicate
together with the host, without producing a large number
of virus particles; and the lytic cycle (Fig. 3-(2)), that
bacteriophages deliver DNA into the host bacteria, repli-
cate in large quantities, and then lysis the host bacteria to
release progeny virus particles. The life cycle of virulent
phages (also known as lytic phages), such as phage T4, is
the solely lytic cycle, whereas temperate phages can utilize
both the lytic cycle and the lysogenic cycle. In addition,
certain pseudolysogenic bacteriophages (Fig. 3-(3)) do not
integrate their genetic material into the bacterial genome
but coexist with the host for a long time when the host is
starving. With the supplement of nutrients, the pseudoly-
sogenic bacteriophages either establish true lysogenicity or
are activated to produce and release viral particles.”*
Further, although there is no standard way for FMT, FVT
filtrate was generally obtained by filtering and centrifuging
FMT filtrate. The details about how to gain the FVT filtrate
of every research were shown in Table S5.
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Replication strategies of phages. (1) The lysogenic cycle. The phages in the lysogenic cycle (also known as temperate

phages) insert their genome into the genome of the host bacteria and replicate together with the host, without producing a large
number of virus particles. (2) The lytic cycle. The phages in the lytic cycle deliver DNA into the host bacteria, replicate in large
quantities, and then lysis the host bacteria to release progeny virus particles. (3) The cycle of pseudolysogenic bacteriophages.
Pseudolysogenic bacteriophages do not integrate their genetic material into the bacterial genome but coexist with the host for a
long time until there is enough nutrient supplement for the host’s amplification.

Gut virome in diseases

Infections of eukaryotic viruses in the intestine, such as
norovirus, rotavirus, circovirus, and herpes virus, also have
been determined to be directly related to diarrhoea.”
Moreover, Epstein—Barr virus infection, rotavirus infec-
tion, and adenovirus infection are associated with the
exacerbation of IBD inflammation,”® the induction of type 1
diabetes,”” and the onset of celiac disease’® respectively.
Gut virome, especially gut bacteriophages, has been linked
to different diseases.”” %2 Results from recent studies
suggest that bacteriophages, like bacteria, are stable over
time.>%3

Compared with healthy people, IBD patients’ enteric
virome has specific richness and relative abundance in
Caudovirales taxa.®* In the intestines of CDI patients, the
eukaryotic viruses Anelloviridae usually increased, while
the abundance of Microviridae and crAssphage which are
bacteriophages of Bacteriodetes decreased among CDI pa-
tients.® Furthermore, the richness of Caudovirales in there
was positively associated with the abundance of Proteo-
bacteria and Actinobacteria.” While after FMT, such posi-
tive association numbers, which were evaluated by the
changes of identified viral diversity and bacterial diversity
and richness, had reduced.” Furthermore, scientists pro-
posed that the richness of the original eukaryotic virome in
the intestine may affect the therapeutic effect of FMT on
UC patients.5¢
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FVT application in mice model

Considering the importance of gut virome in diseases and
the growing evidence that donors’ virome can be trans-
planted to recipients during FMT, studies about FVT have
been initiated, with most current studies performed in
mouse models (Table S5).

FVT association with over-weight and dietary effects

By using the virome collected from the mice faeces before
antibiotics treatment, Draper et al. verified that the FVT
could restore the antibiotics-disturbed structure of the in-
testinal microbiota.?” Several other studies®® °' also ob-
tained a similar result that gut virome could reshape
recipients’ intestinal microbiome. Bahr et al.®® found that
the transfer of gut virome reshaped by feeding risperidone
could earn the same effect on weight gain as the dietary
addition of risperidone. The study by Shute et al. demon-
strated that the Hymenolepis diminuta infection-induced
experimental colitis amelioration could be transferred by
FVT.? Moreover, after Lin et al. conducted FVT in both
normal diet mice and high-fat (HF) diet mice, they found
similar results to the FMT group.®® Rasmussen et al. trans-
ferred sterile-filtered faecal bacterial suspension from low-
fat (LF) diet mice to HF mice, and the bacterial Shannon
diversity index and the blood glucose tolerance of them
were similar to those of the LF diet mice, but significantly
differ from those of HF mice.®" In addition, FVT significantly
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reduces the weight gain of HF mice compared with the HF-
only group.’’ In addition, both FMT and FVT have shown
that the amelioration of green tea polyphenol-induced
experimental colitis could be transferred.®?

FVT application in intestinal diseases

Several studies have been performed on FVT in regulating
intestinal diseases (Table S5). Sinha et al. emphasized the
role FVT played in both causing disease and treating dis-
ease.”> FVT from UC patients’ faeces in mice increased
colitis severity in mice compared to FVT from healthy in-
dividuals or the control groups with phosphate-buffered
saline treatment only, and FVT from healthy patients’
faeces had distinct effects on restoring the gut microbiota
of UC mice.”® Nevertheless, a recent study carried out by
Brunse et al. used the necrotizing enterocolitis (NEC) model
of premature piglets and found that oro-gastric bacteria-
free faecal filtrate transfer (FFT) could significantly elimi-
nate NEC incidence, which paved the way for the potential
FVT application in treating the acute and life-threatening
gastrointestinal diseases of premature infants.’*

Notably, when comparing FMT with FVT, FMT, which
could directly provide more SCFAs-producing bacteria,
showed a better result in alleviating the colonic barrier
damage compared with FVT.?Z In the study of Brunse et al.,
FMT had a better effect than FFT in restoring the mucosal-
associated microbiota in the NEC models as well. In addi-
tion, FMT administration showed that the families of
eukaryotic viruses increased, and the gene expression
related to immune activation and host defence in the in-
testinal mucosa also increased, compared with CON,
whereas the FFT group did not.”* On the other hand, FFT
had less disturbance to the intestinal microbiota than FMT,
with significantly effective protection on the intestinal
permeability compared with FMT.°* Sinha et al. also
demonstrated that FVT function in germ-free (GF) mice
requested transfer of intestinal microbiota in advance,
which reflected that FVT might works by modulating in-
testinal microbiota.”?

FVT application in clinical trials

We found 12 FMT clinical trials for the treatment of various
diseases that also have detected the change of enterovi-
ruses, including both eukaryotic viruses and phages. As
shown in Table Sé, with follow-up of 7 weeks—12 months,
except for the one case that has not compared the re-
sponders’ virome with the donors’, 8 of 9 cases focused on
the CDI and IBD had demonstrated viral features associated
with the efficient and significant viral transfer in responders’
samples (similar virome with the donor) after FMT. Similar
results could be found in intestinal aGvHD, metabolic syn-
drome (MetS) and ASD trials.”> 7 Broecker et al. found that
the phage community recovered earlier than the bacteria
community in responders after FMT.’® What’s more, studies
by Zuo et al. (CDI),” Manrique et al. (MetS),”> and Kang et al.
(ASD)® showed that responders’ virome structure was more
similar to donors’ compared with non-responders or samples
collected before FMT. During transplantation, both
temperate phages and lytic phages would be transferred by
FMT, particularly in terms of Caudovirales, Siphoviridae,
Microviridae and crAssphage.®>°°
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Only two FVT clinical trials on humans had been found so
far, both for human rCDI treatment.'®'%" The first one is
conducted by Ott et al., which performed FVT with 5 par-
ticipants who had failed in antibiotic therapy before and
followed up for up to 33 months. Positive results were
recorded in all patients, and no CDI-associated symptom
occurred until the end of the study.'®" Unfortunately, in
these 5 patients of this study, there was only one patient
who could provide eligible samples for virome profiles. But
bacteriophage composition in these samples showed that
the phageome was similar to the donor phageome after 6
weeks of transplantation, and some kinds of phages that
were not detected in patients’ samples before FFT could
exist in recipients’ gut for at least 6 weeks after FFT."' The
second study is carried out by Kao et al. with 9 participants,
4 in the FFT and 5 in the FMT group, with the treatments
followed up for 8 weeks. They found that the effect of FMT
is similar to that of sterile FFT, for the cure rates of the
lyophilized sterile FFT group and the lyophilized FMT group
were 75% (3/4) and 80% (4/5) after first administration
respectively.'® In this trial, there was no mortality or
administration-related infections. In conclusion of FVT and
its comparison with FMT, we believe that although FMT
might provide a more direct effect to restore the gut
microbiota balance, the excessive addition of the extra
microbiota could potentially cause the overloading of the
intestinal environment, while the addition of FVT will be an
alternative way to achieve a similar outcome.

Potential underlined mechanism of FVT

Eukaryotic viruses
Although most current knowledge on the mechanism of
eukaryotic viruses is based on pathogenic viruses, eukary-
otic viruses have also been found to bring favourable im-
pacts on the health of the body besides the detrimental
influence. Chen et al. found that the coxsackie-adenovirus
receptor, which plays an important role in coxsackievirus
infection, protected tight junctions and had an anti-
inflammatory effect during the pathogenesis of IBD.'%?
Infection of reovirus, norovirus and rotavirus had been
linked to delaying the onset of diabetes in nonobese dia-
betic (NOD) mice, which were the experimental model of
type 1 diabetes.'®>~'% The number of T cells in the lamina
propria and mesenteric lymph nodes, the production of
mucosal and serum antibodies, and the villi width in murine
norovirus-infected GF mice were more similar to those of
conventional mice than those of healthy GF mice.'% In this
study, Kernbauer et al. also found that murine norovirus
could up-regulate type | interferon (IFN ) gene expression,
thereby restoring the damage of intestinal structure and
lymphocyte function in mice caused by antibiotic treat-
ment (Fig. 4-(7))."%¢

The potential effect of eukaryotic viruses after FVT may
not be limited to the intestine tract only. Eukaryotic viruses
such as the hantavirus and rotavirus were able to enter the
blood circulation to reach various organs (Fig. 4-(2)).'%""%
This suggests that other eukaryotic viruses could also pass
through the intestine and interact with lymphocytes. When
the intestine is severely damaged, the inactivated rotavirus
had been recognized by the intracellular receptors Toll-like
receptor 3 (TLR3) and TLR7 of plasmacytoid dendritic cells
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Figure 4.
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Possible mechanism of faecal virome transplantation (FVT) treatment of disease. (1) The gp12 protein of T4 bacte-
riophage can form a trimer with bacterial lipopolysaccharide (LPS) to reduce the damage of LPS to the intestinal tract. (2)
Eukaryotic viruses and (3) Phages can pass through the intestine and play a role when there is no damage to the intestine. (4)
Eukaryotic virus can be recognized by the intracellular receptors, Toll-like receptor 3 (TLR3) and TLR7 of plasmacytoid dendritic
cells (pDCs), up-regulating the expression of interferon-p (IFN-3), and significantly reducing the number of infiltrated neutrophils
and macrophages. (5) Eukaryotic virus infections will stimulate the increasing expression of necrosis factor-o (TNF-a) produced by
regulatory T (Treg) cells. (6) The activation of invariant natural killer T cells (iNKT cells) caused by eukaryotic virus infection can
infiltrate inhibitory macrophages, which can express indoleamine 2,3-dioxygenase into pancreatic islets. (7) Murine norovirus could
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(pDCs), up-regulated the expression of interferon-f (IFN-B),
and significantly reduced the number of infiltrated neu-
trophils and macrophages (Fig. 4-(4)).% The body’s immune
response against gut eukaryotic viruses infection, such as
the expression of TNF-«, the release of B-cell antigens, the
increase in the number and function of regulatory T (Treg)
cells, etc. had also been suggested to prevent or even
eliminate autoimmune diabetes (Fig. 4-(5)).'°>'%* The
activation of invariant natural killer T cells (iNKT cells)
caused by coxsackie virus can infiltrate inhibitory macro-
phages which express indoleamine 2,3-dioxygenase that is
very important for inhibiting the development of diabetes
(Fig. 4-(6))."%° Kernbauer et al. also proved that introducing
the murine norovirus to GF mice restored the intestinal
morphology which was destroyed by antibiotics-treatment,
and increased the total number of CD4+ T cells without
causing obvious inflammation or diseases. It also alleviated
the weight loss and diarrhoea caused by antibiotic
treatment.'%

Bacteriophages

Bacteriophages may be the major role players in FVT.
Bacteriophages interact with intestinal bacteria more
directly than eukaryotic viruses, and the theories for the
interaction include Kill-the-Winner, Piggyback-the-Winner,
Piggyback-the-Loser and Red Queen hypothesis.'"*~""* For
instance, the change that Firmicutes bloom and then
collapse, in wetted biological soil crusts, is the result of
Caudovirales predation by Kill-the-Winner."'* Piggyback-
the-Winner could be found in the co-existence of crAss-
like phage crAss001 and its bacterial host Bacteroides
intestinalis, in which both of them stayed in high densities
and the phage was in a lysogenic circle."® And Piggyback-
the-Loser is regarded as the supplement for the viral-host
dynamic  of  Piggyback-the-Winner and  Kill-the-
Winner.""®""2 |n Piggyback-the-Loser theory, phages will
enter the lysogenic circle when their host abundance is
low."" The mutation trend of probiotics in the gut during
colonization was fluctuant but not linear, which is consis-
tent with the Red Queen hypothesis. """

In addition to the killing and modification effects on the
gut microbes by the lytic and the lysogenic cycle as
mentioned earlier, other interactions have also been stud-
ied. For example, the gp12 protein of T4 bacteriophage can
form a trimer with bacterial lipopolysaccharide (LPS) to
reduce the damage of LPS to the intestinal tract (Fig. 4-
(1))."" Moreover, T4 phages can bind to glycoproteins on
the mucosa by the immunoglobulin-like (Ig-like) domains
displayed on its capsid to decrease the chance of bacteria
contacting epithelial cells, thereby protecting the intesti-
nal epithelial cells.'"®

Similar to eukaryotic viruses, the effect of bacterio-
phages is also not limited to the gut. As early as 1971,
Parent and Wilson found that phages could be detected in

the serum of normal people.'"” More recently, Nguyen et al.
found that Myoviridae, Siphoviridae, Podoviridae, and
other bacteriophages have a strong apical-to-basal trans-
port directionality and it only takes 10 min for T4 phage to
pass through Madin—Darby canine kidney cells."" Thus,
they estimated that approximately 31 billion bacteriophage
particles enter the lamina propria through the epithelial
cell layer of the intestine every day (Fig. 4-(3)).""®

After bacteriophages pass through the intestinal
epithelial cells, they may be recognized by the intracellular
receptor TLR9 of DCs cells and produce interleukin-12 (IL-
12), which in turn stimulates T cells to produce IFN-y
(Fig. 4-(8))."" In addition, a study had also shown that
bacteriophages stimulated peripheral blood mononuclear
cells to produce IL-1, IL-lra (IL-1RN), IL-6, and TNF-a, and
up-regulate the expression of C-X-C motif chemokine
ligand-1 (CXCL-1), CXCL-5, and the overall immune
response predominantly with anti-inflammatory function
(Fig. 4-(9))."”° Nevertheless, Eriksson et al. found that
bacteriophages transformed M2 macrophages into M1 phe-
notypes through TLR thereafter, the nitric oxide (NO) pro-
duced by M1 macrophages further assisted the host to
destroy tumours (Fig. 4-(10))."?" Moreover, the NO, pro-
duced by M1 macrophages, could also help to distantly
prevent the epithelial cells ferroptosis that induced by the
Pseudomonas aeruginosa infection.'?? Bacteriophages also
could reduce reactive oxygen species produced by phago-
cytes, which was potentially applied in inflammation con-
trol and sepsis treatment.'??

There is also evidence of how bacteriophages interact
with humoral immunity after entering the bloodstream.'**
There is a domain on T4 phage which is similar to the
structure that CD40L used to bind with allbB3; conse-
quently, T4 phage can block the CD40L-induced stimulating
effect on platelets through competitive binding with allbp3
(Fig. 4-(11))."% In this way, T4 phage could modulate the
regulation of inflammation, immune regulation and hemo-
stasis, and even relate to the restoration of atherosclerosis,
diabetes and IBD.'* Notably, Frenkel et al. found that
instilled filamentous bacteriophages could cross the blood-
brain barrier to reach the central nervous system,'?® which
hinted at the potential application of FVT in treating
mental illness or neurological disorders.

Challenges and opportunities of FVT

In addition to the very limited knowledge and large un-
known viruses in the gut, another major risk for both FVT
and FMT is considered horizontal gene transfer. Horizontal
gene transfer is also known as bacteriophage conversion,
that bacteriophages carried bacteria functional genes and
encoded them in the bacteriophage genome. It is a mutual
benefit and symbiosis for bacteria and bacteriophages, but
it can also be transferred, for example, virulence genes and

up-regulate type | interferon gene expression, thereby restoring the damage to the intestinal structure and lymphocyte function in
mice caused by antibiotic treatment. (8) Phages can be recognized by the intracellular receptor TLR9 of DCs cells to induce DCs to
produce interleukin-12 (IL-12), which in turn stimulates T cells to produce IFN-y. (9) Phages can stimulate peripheral blood
mononuclear cells to produce IL-1, IL-6, and TNF-a. (10) Phages can drive M2 macrophages to transform into M1 phenotypes through
TLR. (11) Phages have a domain that CD40L uses to bind with allbf3; consequently, it can block the combination between CD40L

and the allbf3.
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resistance genes, and other bacteria without these genes
initially. These have been proved in vitro, as the bacte-
riophages of Enterococcus faecalis (E. faecalis) could
transfer virulence genes or antibiotic-resistance genes to
the genome of probiotic strain E. faecalis Symbioflor
1.127:128 Genes of the diphtheria toxin of Corynebacterium
diphtheriae,'?® the Shiga toxin of E. coli,"*° and the cholera
toxin of Vibrio cholerae™' have also been found to be
transferable by bacteriophages. The excessive use of anti-
biotics may increase the independent transfer caused by
bacteriophage conversion.’*? All of these risks need to be
concerned before performing FMT and FVT.

Bacteriophage therapy has been discovered since 1926
and becomes popular recently due to the sharply increased
antibiotic-resistant cases.’*> Now phage therapy has been
widely used in treating various diseases.'>* However, cur-
rent treatment is mainly focused on a single type of
bacteriophage, normally with a targeted host range. This
provides us with the tool to modify the gut microbiota with
specific requests, such as treating the C. difficile infection.
The addition of bacteriophages, such as in FVT, may lead to
microbial composition changes in the entire intestinal
tract.”?

In addition to transferring bacteria and viruses, intro-
ducing bacteriophage-encoded lytic enzymes, such as
endolysins and depolymerases, have been tested. These
enzymes degraded phage-bacterial binding receptors,
destroyed the structure of bacterial membranes, and
stimulated peripheral blood mononuclear cells to produce
IL-1RN and further down-regulated the expression of CXCL-
1 and CXCL-5.""%129134135 Fyrthermore, to counter the
bacteriophage-driven selective pressure, bacteria may
modify the surface receptor which comes with the cost of
the reduction of bacterial adaptability and virulence, and
becomes more susceptible to antibiotic treatment and im-
mune defence.’®'3 All these effects may be indirectly
beneficial for the diseases’ treatment after FVT.

Considerations for FMT and FVT

Although FMT has achieved promising results and FVT shows
great potential in disease treatment, several important
considerations are still worth discussing here.

Donor selection

As we described above, the FMT and FVT from mice that are
fat or thin will affect the recipient mice, and the gut
microbiota after FMT and FVT is significantly associated
with donors.®®°! The composition of the intestinal micro-
biota is also related to the individual’s geographical loca-
tion, ethnicity, diet habits, disease history, physiological
state, etc. So how we define healthy and matched donors
and how we can make sure to use different intestinal
microbiota from different individuals and still achieve the
same therapeutic effect need more effort and investment.
Stallmach et al. and Cammarota et al. proposed that before
using FMT to treat rCDI, donor selection should be per-
formed from the donor’s diseases, medical treatment (an-
tibiotics use), travel history (whether donors have ever
been to the countries with an increased risk of
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gastrointestinal infection), social factors (including blood
transfusion, tattoos, etc.), and stool examination.'
Notably, in the early stage of FMT in human clinical treat-
ment, people will include kinship in the standard of donor
selection.'*® However, Ramai et al. excluded the influence
of kinship on FMT results. In the meta-analysis which
included 26 studies with a total of 1309 individuals for rCDI,
FMT from the mixture of related and unrelated donors
showed a 94.5% overall cure rate compared to 95.7% with
unrelated donors.'®

Patient preparation

As shown in Tables 51—54, most clinical trials have gained
desirable results from FMT without antibiotic treatment 48 h
prior to enrolment, which indicates that antibiotic treat-
ment is not necessary as the pretreatment of FMT and FVT.
This is consistent with a previous study.’*° In addition, the
study by Spindelboeck et al. found that antibiotics hindered
the reshaping of gut microbiota after FMT, and antibiotic
administration was significantly associated with FMT fail-
ure.' After Allegretti et al. in their study adjusted for age,
sex, and severity of CDI, the result still showed that anti-
biotic administration was substantially related to FMT fail-
ure.’® Optionally, the study showed loperamide could be
administered to the patient within 1 h before FMT or FVT;
this assisted graft stayed in the intestine for 4-6 h and pro-
vided a longer time for bacteria to colonize and function.'*’
In addition, special attention should be paid to patients with
low immune function, as they may develop diarrhoea, coli-
tis, bacteremia, pneumonia, and even death after FMT.'*
Although the mechanism of its specific adverse reactions is
still unclear, it is enough to set off alarm bells to us. More-
over, it still needs to be considered whether it is better to
use multiple low-dose and less invasive administration
methods for patients with poor immunity, and if it is
necessary to directly use surgery instead of FMT and FVT for
patients with severe intestinal injury.

The way of administration

When FMT is used to treat CDI, Ramai et al. showed that the
cure rate of FMT administrated with colonoscopy was
equivalent to the capsule, better than an enema, naso-
duodenal tube and nasogastric tube.'® However, colonos-
copy is more invasive and not all patients could tolerate the
nasointestinal tube.'* Although there is no consensus on
choosing fresh or frozen faeces to intervene, several
studies indicated no statistically significant differential
therapeutic effects between fresh and frozen grafts in
treating both CDI and IBD, which proved the possibility of
stool banks.'®'*~ %" Furthermore, Jiang et al. also indi-
cated that after giving FMT capsule treatment and FMT
rectal instillation treatment to 31 and 34 rCDI patients
respectively, their adverse reaction rates and cure results
were similar."® It is noteworthy that in this trial the
amount of manure rectal infusion therapy only required
half a dose of the faeces that were used in the capsule
treatment. Thus, introducing gut microbiota in a capsule or
rectal infusion therapy probably can increase the applica-
tion and willingness to receive FMT or FVT in the future.
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Safety

As mentioned in the FVT challenges, bacteriophage-
mediated horizontal gene transfer of bacterial virulence
factors and drug resistance need to be considered, and
whether the donor microbiota will have a negative impact
on the recipient microbiota also needs to be evaluated for
each patient. Although we mentioned above that eukary-
otic viruses may be beneficial for disease treatment, there
are also adverse effects of FMT due to enteritis caused by a
eukaryotic virus infection, like norovirus gastroenteritis, '*°
or COVID-19,"° so this is also a noteworthy aspect for FMT
and FVT. Fortunately, FMT is generally considered safe so
far. The meta-analysis by Marcella et al., which included
129 studies involving 4241 patients in the past 20 years,
found that FMT-related severe adverse events are around
1.4%."" One study pointed out that FMT treatment might
increase the incidence of myocardial infarction in CDI pa-
tients.">? Therefore, long-term follow-up for the safety and
influence of quality of life needs to be considered.

Efficiency

The long-term benefit of FMT on different diseases seems to
vary. Among 77 patients treated with FMT for rCDI in the
study performed by Brandt et al., the first FMT cure rate was
91% within 17 months on average, and the second FMT cure
rate for relapsed patients was 98%.'>* Several trials also
showed the effectiveness of FMT maintained for 3—15 years,
with variations among different types of diseases including
rCDI, IBS, alopecia areata, depression symptoms, and mul-
tiple sclerosis.*> 54157 Yet, there is still a huge lack of data
regarding the long-term efficacy of FMT and FVT, but with
the increasing frequency of FMT and FVT, we believe more
data for evaluating the sustainability of the treatment ef-
fects will be available in the next couple of years.

Stool banks

For facing regulatory challenges, establishing the stool
bank is the inevitable trend in the whole FMT and FVT
fields. OpenBiome in the United States has provided FMT
services for over 1300 healthcare institutions in the United
States, and manufactured and shipped more than 65,000
FMT treatments, since 2012."°%'%° Other countries have
also established stool banks, including China, the United
Kingdom, Italy, the Netherlands, Australia, Brazil,
Singapore, Spain, and so on."®*~"®” Although economic im-
pacts and risks caused by COVID-19 affected the normal
running of stool banks,'®®~"7° most of them are still oper-
ating normally and trying to produce new alternative
drugs.’®® 164717 The stool banks in different countries
represent the local gut microbiota which has minor varia-
tions due to geographic differences. But the standards on
donor selection, supervision system, FVT procedure, etc.
are still not unified in the world."®?

Prospects of FMT and FVT

The ultimate goal of FMT or FVT treatment is to defeat
various diseases by regulating the gut microbiota with the
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least harm to humans, and restoring the overall health of
the body. More investigation and research are needed in
evaluating and comparing FMT, FVT, and mixed microbiota
products with phage therapy. The inspection and review
process for these products needs to be more extensive,
standardized and mature, and the preparation for treat-
ment needs to be more complete and safer. Hopefully, in
the near future, doctors could explore the characteristic
gut microbiota of each patient, consider different diseases
and immunity conditions, find the most suitable donor type,
and design personalized treatments that are FMT, FVT, or
other microbiota products.
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