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Abstract

Our understanding and utilization of Fecal Microbiota Transplantation (FMT) has jump-started
over the past two decades. Recent technological advancements in sequencing and metabolomics
have allowed for better characterization of our intestinal microbial counterparts, triggering a surge
of excitement in the fields of mucosal immunology and microbiology. This excitement is well-
founded, as evidenced by 90% relapse-free cure rates in FMT treatment for recurrent C. difficile
infections. Growing evidence suggests that in addition to bacterial factors, the host immune
response during C. difficile infection greatly influences disease severity. In this review, we discuss
recent advancements in understanding the interplay between immune cells and the microbiota and
how they may relate to recovery from C. difficile through FMT therapy.
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Commensal dysbiosis is a risk factor for C. difficile infection.

Clostridioides (formerly Clostridium) difficile is a gram-positive, anaerobic, spore forming
opportunistic pathogen and is the leading cause of hospital-acquired, antibiotic-associated
diarrhea. It is also one of Center for Disease Control’s three most urgent infectious disease
threats in the US. C. difficile colonizes the colon, causing inflammation and diarrhea via the
expression of its epithelial-damaging toxins[1,2]. Over the past 15 years, C. difficile
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incidence has tripled and is attributed to the emergence of hypervirulent epidemic strains of
C. difficile (referred to as NAP1/027 strains)(see Glossary) [3]. In a single year, C. difficile
caused approximately 500,000 infections, $4.8 billion worth of excess health-care costs, and
29,000 deaths occurring in in the US alone[4]. Although a recent healthcare survey
demonstrated an overall decline in the prevalence of health-care associated infections from
2011 to 2015, there was no reduction in the high prevalence of C. difficile infections (CDI)
during that time[5]. Thus, reducing CDI is a priority, as emphasized in the NIAID’s
Antimicrobial Resistance Program in 2014[6].

C. difficile disease is initiated by the depletion of protective commensal microbes
commonly through antibiotic exposure[7,8]. Risk of hospital-acquired and community-
acquired CDI is highest in individuals with prior exposure to cephalosporins,
fluoroquinolones and clindamycin antibiotics[7,8]. Antibiotics can cause long-lasting
alterations to the microbial community that normally would provide colonization resistance
against C. difficile[9]. A single treatment with clindamycin confers murine susceptibility to
infection and induces long-lasting alterations in the composition of the gut microbiome,
eliminating ca. 90% of bacteria taxa for up to 28 days[10]. Similarly, in human subjects, a 7
day clindamycin regimen caused long-lasting deficiencies in the microbiota, especially a
significant decline in the diversity of Bacteroides that over a span of two years, did not
return to its original composition[9]. Furthermore, using next-generation sequencing,
additional studies have demonstrated decreases in the diversity and species richness of CDI
patients relative to controls[11-13]. Thus, it is clear that commensal dysbiosis is a risk
factor for the development of C. difficile colitis.

During this susceptible state of intestinal dysbiosis, C. difficile flourishes in the colon
whereby it releases epithelial-damaging toxins. Toxin damage initiates C. difficile diarrheal
disease through the killing of colonic host-epithelial cells and breakdown of the gut
barrier[14]. The clinical manifestations of C. difficile range from mild to severe diarrhea to
life-threatening pseudomembranous colitis. The spectrum of C. difficile disease
manifestations is dictated by the virulence factors of the infecting strain, the composition of
the microbiome that provides colonization resistance, and the quality of the host
inflammatory response (see Clinician’s Corner).

The importance of FMT therapy to treat C. difficile.

Fecal Microbiota Transplantation (FMT) therapy has had great success in the treatment of
recurrent and severe CDI. Standard-of-care treatments for CDI include treatment with
antibiotics such as vancomycin and fidaxomicin. However, high rates of recurrence are
problematic and occur in up to 30% of patients due to sustained antibiotic-associated
dysbiosis[3,15]. While C. difficileis susceptible to antibiotic therapy, the antibiotics used to
treat the infection further disrupt the microbiota that provides colonization resistance and
immune-mediated protection. Thus, while killing C. difficile, antibiotics also cause greater
host susceptibility to reinfection and recurrent disease[16]. FMT combats this cyclical
diseased state, by restoring a diverse community of microbes in the colon and restoring
intestinal homeostasis (Figure 1).
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Crude FMT therapy was first introduced into modern medicine in 1958 by Eisenmen and
colleagues to treat pseudomembranous colitis with fecal enema[17]. Since then, multiple
studies have demonstrated the effectiveness of FMT to treat recurrent CDI. However, the
first open-label, randomized controlled trial was not completed until 2009 where 41 patients
completed treatment with either a donor-feces infusion, standard vancomycin regimen, or
standard vancomycin plus bowel lavage. Remarkably, 81.3 % relapse-free C. difficile cure
rates were reported 10 weeks after the donor-feces infusion treatment. Furthermore, 2
additional patients were cured after receiving a second donor-feces infusion, resulting in a
94% overall donor infusion cure rate, surpassing conventional vancomycin treatment by 3-
fold (NL1135)! [18]. The subsequent idea that a defined mixture of rationally designed,
purified commensals, within a healthy stool are sufficient to transfer FMT-mediated
protection was initially demonstrated by Tvede & Rask-Madsen in 1989. This initial human
study demonstrated that the administration of 10 bacterial strains into 5 patients caused a
loss of C. difficile and toxin levels within the infected bowel while replenishing Bacteroides
species [19]. After this study, purified bacteriotherapy for CDI was limited and primarily
focused on probiotics in combination with standard antibiotic care that had some success
[20,21]. A resurgence of interest for rationally designed bacteriotherapy to treat C. difficile
occurred in the mid-2000s. A seminal study by Lawley ef a/, demonstrated that a defined
consortium of six bacteria strains (Staphylococcus, Enterococcus, Lactobacillus,
Anaerostipes, Bacteroidetes, and Enterorhabadus) could suppress hypervirulent C. difficile
027/BI and promote recovery from antibiotic associated dysbiosis[22]. Another group
importantly identified the Lachnospiraceae family of bacteria as a potential therapeutic
target for bacteriotherapy[23]. A follow up study demonstrated that pre-colonization of
germ-free mice with Lachnospiraceae leads to a dramatic reduction in subsequent C. difficile
colonization and mortality after infection[24]. Additionally, administration of Clostridium
scindens, an intestinal bacteria whose depletion is associated with more severe disease in
humans and mice, was able to restore colonization resistance against CDI in mice and
protection is associated with secondary bile acid synthesis[25]. Thus, great advancements
have been made to improve our understanding of how defined species of bacteria can
combat CDI.

Microbiota-elicited immunity and its importance in combating C. difficile.

While C. difficile toxins drive epithelial disruption and disease during CDI, recently many
groups have demonstrated that the type of host immune response generated against C.
difficile also dictates the severity of symptoms during infection, independent of bacterial
factors[26—30]. The host immune system has a multifaceted role during CDI with some level
of inflammation required to clear the infection. However, this inflammation must be tightly
regulated to prevent overly robust damage to the host (Figure 2). Protective host defenses
during CDI include: neutrophil-mediated bacterial killing; type-1 innate lymphoid cells
(ILC1) and granulocyte-mediated bacterial clearance; and tissue-repair via type-2 innate
lymphoid cells (ILC2) and eosinophil signaling[31-34]. Pathogenic immune responses
include: Toll-like receptor (TLR) 2 activation; Interleukin (IL)-23 and IL-6 signaling; and

Ihttps://www.trialregister.nl/trial/1135
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adaptive type-17 T-cells (TH-17 cells) that further damage host intestinal tissue during
infection[35-38]. Thus, the type of host immune response elicited during CDI plays an
important role in dictating disease severity. Given the rise of FMT therapy to treat severe
CDI and efforts to define specific, purified, commensals that elicit protection from disease, it
is increasingly important to understand how members of the microbiota or their microbial-
derived products influence the type of host-immune response generated during CDI[18,39].
In the subsequent sections of this review, mechanisms of host immunity that influence CDI
recovery and their regulation by commensals are discussed.

Type-1 immunity drives CDI recovery and is regulated by the microbiota.

Type-1 immunity is typically characterized by expression of the cytokines Interferon gamma
(IFN-7), IL-12, and IL-18 which canonically have anti-viral functions. Type-1 associated
cytokines, IFN-y and IL-12, are upregulated in response to CDI in humans and mice and are
critical for driving disease recovery[40-42]. Mice lacking ILCs have increased mortality
during CDI and lack the ability to upregulate IFN-y and 1L-22[41,43]. Further investigation
revealed that IFN-y+ ILC1s were central to survival during CDI with a very limited role for
IL-22+ ILC3s[41]. This important role for IFN-y+ ILC1s was corroborated in humans,
demonstrating that high levels of IFN-+y in the serum of CDI-patients is associated with less
severe infection[29]. How IFN-y protects during CDI requires further investigation but it
may act by increasing phagocytic functions during infection.

Interestingly, type-1 immunity is regulated by commensal-derived signals[41]. For example,
the commensal Bacteroides fragilis (B.fragilis) contributes to the maintenance of CD4+ T
cell development, TH-1 differentiation, and lymphoid organogenesis through the production
and subsequent immunological presentation of the zwitterionic polysaccharide PSA[44].
Within the TH-2/TH-1 imbalanced germ-free setting, colonization with PSA producing B.
fragilis restores splenic IFN-y+ CD4+ T cells via antigenic presentation in a IL-12/STAT4
specific manner. In addition to adaptive TH-1 cells, innate NK cell function is also impaired
in the absence of the microbiota. NK cells are cytotoxic type-1 innate lymphoid cells that
require priming by mononuclear phagocytes in order to function[45]. Germ-free mice have
defective type-1 interferon production from mononuclear phagocytes and thus lack primed
IFNy+ NK cells[46]. As type-1 immunity is critical for recovery from C. difficile, further
investigations are required to understand how FMT-derived commensals may contribute to
C. difficile pathogenesis via modulation of type-1 interferon and IFNy+ signaling.

The microbiota maintains protective type-2 polarizing cytokines in the intestine.

Recent studies demonstrate that type-2 immune responses play an important role in recovery
and survival during CDI[30,33,35]. Eosinophils, a type-2 associated myeloid subset, have
protective roles in both human and murine studies of C. difficile colitis[30,33,35]. CDT
toxin expressed by epidemic NAP1/027 isolates can kill protective eosinophils during
infection, contributing to their heightened virulence[35]. IL-25, IL-33 and IL-5 are type 2
cytokines that contribute to eosinophil accumulation in the intestine, and are associated with
survival and less severe disease during CDI1[29,33,34,47]. 1L-33 promotes ILC2 activation
and subsequent eosinophilia during CDI and is essential for tissue repair and survival[34].
The maintenance of protective IL-33 protein in the colon was critically dependent upon the

Trends Mol Med. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frisbee and Petri

Page 5

microbiota and could be rescued with FMT therapy[34]. Although microbiota-dependent
IL-25 and IL-33 are important activators of ILC2s, ILC2 seeding of both the lung and
intestine occurs independently of the microbiota, as germ-free mice have comparable ILC2s
numbers[32,48]. While the microbiota does not dictate the seeding of intestinal ILC2s, it
may have an important role in promoting ILC2 function. In line with this idea, human ILC2s
express TLRs and can directly sense microbial-associated molecular patterns (MAMPS)
resulting in increased expression of IL-5 and 1L-13[49]. Furthermore, during a model of
intestinal colitis, germ-free mice had reduced expression of type-2 cytokines, IL-4, IL-5,
IL-13, and IL-33 in addition to lack of eosinophils which could be rescued by FMT
therapy[50]. Given recent findings that IL-25 elicited eosinophils and IL-33 elicited ILC2s
are protective during C. difficile, further studies are required to understand the connection
between FMT regulation and possible restoration of protective type-2 immune function.

Commensal regulated Type-17 immunity is a double-edged sword during CDI

Type-17 associated cytokines, IL-1p, IL-23, IL-17a, IL-22 and IL-6 are upregulated in the
gut in response to C. difficile infection[29,37]. Both pathogenic and protective outcomes are
associated with type-17 immunity during C. difficile colitis. IL-23 signaling is pathogenic
during CDI, contributing to increased mortality and tissue pathology, whereas 1L-22
contributes to survival and systemic pathobiont elimination through the complement system
[37,38,51]. The type-17 cytokine network is a key driver of neutrophil production and
accumulation during mucosal infections. In accordance, neutrophils are characteristically
recruited at high levels into the colon during C. difficile colitis via MyD88 signaling[31,52].
Neutrophils have important anti-microbial functions during infection through their
phagocytic activity, granule formation, and production of antimicrobial proteases, peptides,
and reactive oxygen species[52]. However, dual roles for neutrophils have been reported
during C. difficile colitis. Complete depletion of neutrophils with anti-GR1 antibody
increases CDIl-associated mortality; however inhibition of neutrophil recruitment through
blockage of CD18 or MIP-2 or inhibition of IL-23 reduces tissue pathology and mortality
during infection[31,37,38,53,54]. Similarly in human patients, high neutrophil counts are
associated with more severe disease whereas neutropenia is a risk factor during
infection[55,56]. Thus, type-17 associated immunity is essential for pathogen elimination,
however if left unregulated, can contribute to profound tissue damage during infection.

The maintenance of a robust and effective type-17 immunity is critically dependent upon
commensal-derived signals from the microbiota. For example, adaptive type-17 T-cell
(TH-17) differentiation is impaired in the small intestine of germ-free mice and rescued with
fecal transplant[57]. The commensal organism segmented filamentous bacteria (SFB) drives
TH-17 differentiation in the gut and can aggravate colitis and other auto-immune
diseases[58-60]. SFB makes direct contact with intestinal epithelial cells, activating a I1L-22/
IL-23 dependent circuit between ILC3s, epithelial cells, and TH-17 cells[61,62]. In addition
to adaptive TH-17 cells, the microbiota can additionally shape the function of type-3 innate
lymphoid cells (ILC3s). Microbiota-induced TNF-like ligand 1A (TL1A) released from
CX3CR1+ mononuclear phagocytes can increase the production of IL-22 by ILC3s[63].
Thus, FMT-derived colonization of certain commensals may contribute to CDI-associated
disease depending on their alterations of type-17 dynamics.
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Certain microbes can elicit immunosuppression after colonization of the intestine.

In addition to mounting anti-microbial defenses, the microbiota is also essential for
mounting immune suppression. One of the prime examples of this is the induction of
regulatory Foxp3+ T cells (T-regs) by B. fragilis and Clostridia commensals. B. fragilis-
derived PSA inhibits IL-17 production in the intestine by enhancing the production of anti-
inflammatory IL-10 and T-regs to protect from experimental colitis via TLR2 signaling[64].
Thus, in addition to its role in maintaining a balanced TH2/TH1 ratio, B. fragilis-derived
PSA also supports intestinal T-regs. Interestingly, in this specific pathogen-free experimental
setting, B. fragilis did not increase inflammatory TH-1 (IFNy+) CD4+ T cells in gut tissue
as had previously been demonstrated in spleens of germ-free mice[44]. This indicates that
the same commensal-derived molecule may have opposing functions depending on
compartmentalized tissue specific microenvironments and the endogenous microbiota.
Commensal Clostridia also contribute to IL-10+ T-reg accumulation in the gut by increasing
the expression of TGF-f from intestinal epithelial cells[65]. Additionally, a consortia of 17
Clostridia strains, falling within clusters IV, XIVa and XVIIlI, were rationally identified from
a human fecal sample based on their T-reg inducing activity, and could attenuate colitis,
quantified by a reduction in colon tissue pathology and diarrheal scores, upon administration
to mice[66]. Therefore, sensing of the microbiota additionally maintains homeostasis
through immune suppression, preventing an overly robust immune response to host-
proximal commensals.

Recently, experimental evidence has linked the effectiveness of FMT for colitis with
immunosuppression. FMT therapeutically controlled gut inflammation and colitis via the
induction of IL-10 and TGF-B, cytokines critical for T-reg accumulation in the
intestine[67,68]. Whether FMT-directed immunosuppression aids in the recovery from C.
difficile requires further investigation. This area of research is of utmost importance as
patients with recurrent CDI have increased pro-inflammatory IL-17+ or IFNY+ CD4+ T
cells circulating in their peripheral blood[69] and additionally, TH-17 cells are both
necessary and sufficient to enhance the severity of CDI in settings of prior gut insult like
IBD colitis[36]. Thus, FMT-induced IL-10+ T-regs could plausibly be involved in the
inhibition of pathogenic TH-17 cells during recurrent CDI or in patients with prior exposure
to gut commensals such as those with IBD or Crohns disease.

Commensal derived signals that orchestrate host immunity.

Commensal bacteria are dynamic- their nutrient acquisition, production of metabolites and
MAMPSs, and expression of anti-microbial factors are all important mechanisms of
colonization resistance against C. difficile. The microbial-microbial interactions by which
commensals and FMT therapy limit C. difficile growth have been outlined beautifully in
other review articles[16,70]. Here we focus on how signals from the microbiota interact with
the host immune system to possibly confer additional protection during C. difficile colitis
(Figure 3).
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SCFAs affect the fitness of C. difficile and also promote host epithelial regeneration and
immunoregulation.

Breakdown of carbohydrates provides an energy source for commensals, whereas antibiotic
treatment alters the balance of commensal fermenters, leading to reduced short-chain fatty
acid (SCFA) production[71,72]. Lawley ef al. demonstrated that in the presence of
hypervirulent C. difficile, the microbiota of infected mice was marked by low diversity and
reductions in SCFAs, with most notable reductions in acetate and butyrate[22]. Similarly, an
additional study characterized the metabolome of susceptible, antibiotic-treated mice and
demonstrated reduced fermenting commensal activity with increases in sugar alcohols and
carbohydrates and reciprocal reductions in SCFAs[73]. Aligning with these studies, 16S
rRNA sequencing of the human flora demonstrated reductions in the families
Ruminococcaceae, Lachnospiraceae, and butyrate-producing C2 to C4 anaerobic fermenters
in human CDI patients[12]. Finally, a recent study demonstrated that microbiota-accessible
carbohydrate (MAC) diets caused outgrowth of MAC-utilizing bacteria (eg. Bacteroides).
This outgrowth was associated with increased fermentation end products acetate, propionate,
and butyrate, as well as decreased C. difficile fitness in vivo[74,75].

While SCFAs have effects on C. difficile fitness, they are also important communicators
with the intestinal immune system, being sensed by epithelial cells and immune cells via G-
protein coupled receptors, GPR41 and GPR43; and by maintaining the transcription of many
cytokine and chemokines within the intestine[76]. Recently it was demonstrated that
butyrate protected from C. difficile colitis by increasing epithelial tight junctions via the
transcription factor HIF-1 and independent of bacterial burden[77]. Thus, restoration of
SCFA pools with FMT therapy may act in concert with anti- C. difficile mechanisms to
promote epithelial barrier and cytokine defenses.

Lastly, the SCFASs butyrate and propionate limit inflammatory responses in the intestine by
supporting peripheral T-reg development via their histone deacetylase (HDAC) activity[78—
80]. The direct addition of SCFAs to ex vivo T-cell cultures inhibits TH-17 differentiation
and IL-6 production, while increasing T-reg differentiation [81]. Thus, SCFAs dampen
overactive immune responses and suppress colitis through their regulation of the intestinal T-
reg:TH-17 ratio. Given recent findings that CD4+ TH-17 cells drive severe C. difficile
disease after a previous gut insult, it is possible that SCFAs additionally provide protection
during relapsing C. difficile through modulation of the intestinal T-reg: TH-17 balance, and
preventing an overactive immune response to host-proximal commensals[36].

FMT-restored secondary bile acids interact with host inflammasome defenses.

Bile acids are produced in the liver and metabolized by the microbiota into secondary forms.
Secondary bile acids deoxycholate and lithocholate are inhibitors of C. difficile growth and
associated with CDI protection whereas the primary bile acids taurocholate and cholate
induce spore germination[25,82—84]. Human patients with recurrent CDI had high levels of
primary bile acids yet were completely deficient in secondary bile salts prior to FMT
therapy[85]. FMT therapy can restore bile-acid metabolizing microbiota, rescuing protective
levels of secondary bile acids[85].
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While bile acids have direct implications on C. difficile growth, they also have important
implications on host immune defenses mediated by the inflammasome. The pyrin
inflammasome sensor is activated by the Rho-Glucosylating activity of C. difficile
toxins[86]. The role of the pyrin inflammasome sensor /in vivois less clear as Pyrin-deficient
mice have no significant differences in C. difficile disease, whereas mice deficient in
apoptosis executioner caspases have delayed recovery during infection[87]. That being said,
inflammasome signaling is indeed essential for recovery from acute CDI, as complete
abolishment of the inflammasome complex in ASC™~ mice or inhibition of caspase-1 in
Vivo causes severe mortality during infection, higher bacterial burden and impaired CXCL1-
mediated neutrophil chemotaxis[88,89]. Interestingly, when putative secondary bile acids
were screened for inflammasome activity, 2 deoxy-cholic acid (DCA) bile acid analogs
caused IL-1p and IL-18 release from both epithelial cells and myeloid cells via activation of
the pyrin inflammasome[90]. Furthermore, another study demonstrated that multiple
secondary and primary bile acids had dose-inhibitory activity on the NLRP3 inflammasome
with the secondary bile acid lithocholic acid (LCA) having the greatest anti-IL-1p and
caspase-1 inhibition[91]. Thus, the bile acid pool transferred by FMT therapy may have
profound effects on inflammasome defenses against C. difficile and should be considering
when screening for protective rationally-designed cocktails.

Microbial-associated molecular patterns promote immune health.

The expression of pattern recognition receptors (PRRs) such as TLRs and NOD receptors
and their subsequent sensing of microbial-derived patterns is not restricted to pathogen
encounter. In contrast, PRRs are expressed in the intestinal epithelium at steady-state and are
thus uniquely positioned to sense and interact with the luminal intestinal microbiota[92]. In
fact, the interaction between PRRs and commensal-derived signals is essential for
maintaining intestinal symbiosis and immune function[93,94]. For example, sensing of
commensal-derived signals by intestinal TLR-MyD88 signaling protects mice from
chemically induced DSS colitis [93,94]. Microbiota-depleted mice displayed increased
mortality, colonic bleeding, and intestinal epithelial injury that was rescued by oral
administration of the commensal bacterial product, LPS, in a TLR4 dependent manner.
Additionally, TLR5-mediated sensing of microbiota-derived flagellin by dendritic cells
increases the production of the anti-microbial C-type lectin, Regllly, by epithelial cells.
Antibiotic-mediated downregulation of Regllly leads to reduced killing of Vancomycin
Resistant Enterococcus (VRE)[95,96]. Regllly has antimicrobial activity against gram-
positive bacteria and future studies should test requirement of Regllly induction by FMT in
the setting of CDI.

Commensal sensing by PRRs is also critical for maintaining neutrophil defenses.
Microbiota-derived peptidoglycan enhances neutrophil killing of the pathogens
Streptococcus pneumoniae and Staphylococcus aureus{97]. Recognition of peptidoglycan by
the pattern recognition receptor, NOD1, was sufficient to restore neutrophil function[97].
Thus, PRRs may be important downstream targets of FMT-mediated efforts to restore gut
homeostasis during CDI. Interestingly, mice lacking the pattern-recognition receptors TLR4,
MYD88, and NOD-1 are more susceptible to CDI and have deficiencies in their granulocyte
responses. However whether a lack of host/microbiota immune development contributes to
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disease severity has not been addressed[31,97,98]. Further in vivo studies of FMT therapy to
treat C. difficile in the context of genetic ablation of TLRs or NLRs will be critical to
understand whether these sensors play an important role in FMT-mediated recovery.

Concluding Remarks

Glossary:

Many recent studies have refined our approach and application of FMT therapy in the clinic.
Freezing of FMT material enables many advances such as pre-screening, banking, and re-
testing of donor stool in addition to the possibility of delivery to other hospitals. An
additional advance in making FMT therapy more accessible is the demonstration that oral
FMT capsules are an effective way to administer donor material relative to other procedures
such as enemas[99]. The ideal gold-standard FMT treatment would be the identification of a
defined, purified, microbial cocktail that is sufficient to transfer FMT protection.

Likely, there is not just one commensal or one community architecture that contributes to
colonization resistance, but multiple community structures exist that can transfer protection
from C. difficile colitis. Given the vast complexity of the microbiota, its expansive influence
on the metabolic state of the gut, and its numerous interactions with the mucosal interface
and the host immune response, it is likely that not one magic bullet exists to combat CDI.
This idea is supported by a recent study demonstrating that multiple CDI-resistant states of
the microbiota exist with differing community structures however their functional outputs
are similar[73]. Further studies defining mechanistic and functional outputs of commensals,
such as their metabolomes and their interactions with the host, are key to the advancement of
purified, next-generation bacteriotherapy to treat both C. difficile and other diarrheal
diseases (see Outstanding Questions box).

Towards the goal of refining FMT therapy, and defining a consortium of commensals that
could be produced under good manufacturing practices, multiple factors should be taken into
consideration: limited antibiotic-resistance; durability in passing through the gastrointestinal
tract; engraftment stability; and anti-C. difficile competition (e.g. secondary bile acid
production). While reducing C. difficile growth via competition is of key importance, the
work outlined in this review indicates that the additional ability of microbes to modulate the
immune system should be considered as well. Thus, work to identify microbes that increase
protective immune signaling within the intestine will add an important layer of host-
protection into next-generation bacteriotherapy in the face of C. difficile colitis.

NAP1/B1/027
Epidemic, hypervirulent C. difficile strain associated with increased severity and rates of C.
difficile infections and linked with global outbreaks over the past 15 years.

Commensal
bacteria co-existing in a non-harmful and mutualistic manner with host.

Next-generation sequencing
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modernized high-throughput sequencing technologies allowing for quicker and less
expensive sequencing of DNA and RNA.

Dysbiosis
an imbalance of the microbiome that disrupts the symbiotic balance between host and host-
resident commensal organisms.

Fecal Microbiota Transplant (FMT)
procedure whereby healthy donor stool material is delivered into the gastrointestinal tract of
a recipient with the aim to restore health.

Homeostasis
Healthy and balanced equilibrium reached between the microbiota and host.

Recurrence in C. difficile infection
Failure of initial antibiotic treatment to cure C. difficile resulting in relapse or reinfection of
patient.

Innate Lymphoid Cells (ILCs)

Lymphoid cells lacking antigen-specific receptors that have important effector and
regulatory functions during the innate immune response. ILCs are categorized into three
groups based on their function, cytokine profile, and transcription factor expression.

Toll-like receptor (TLR)
a class of proteins that sense conserved structural motifs expressed by micro-organisms and
subsequently stimulate the host-immune system.

Germ-free mice
mice raised in isolators so that they are devoid of any microorganisms.

Microbe-associated molecule patterns (MAMPS)
Microbe-derived molecules that share patterns or structural motifs which can be recognized
by the immune system.

Short-Chain Fatty Acids (SCFA)
Metabolites derived from bacterial fermentation of dietary fiber that have essential roles in
signaling to the immune system.

16S rRNA sequencing
Method used for bacterial identification and taxonomy through detection of sequence
differences within the hypervariable regions of the 16S rRNA gene.

Microbiota-accessible carbohydrate (MAC)
non-digestible carbohydrates that are metabolized by the microbiota.

Bile Acid
End products of cholesterol metabolism in the liver.

Inflammasome
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A multiprotein intracellular complex that orchestrates pro-inflammatory IL-1p and 1L-18
activation and release. Activation of the inflammasome complex requires assembly of three
essential proteins: 1) An inflammasome sensor containing a pyrin domain 2) the adaptor
protein ASC (apoptosis-associated speck-like protein) and 3) the protease caspase-1.

Pyrin
an intracellular innate immune sensor that triggers inflammasome activation after sensing C.
difficile toxin-mediated inactivation of RhoA GTPases.

NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3)
an intracellular innate immune sensor that triggers inflammasome activation after sensing of
cellular stress.

NOD receptor (Nucleotide-binding oligomerization domain-containing protein)
Cytosolic pattern-recognition receptors that recognize peptidoglycan constituents of bacteria
leading to immune activation.

Regllly (Regenerating islet-derived protein 3 gamma)
An antimicrobial peptide produced by intestinal Paneth cells that provides defense against
Gram-positive bacteria.
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Box 1:

Clinician’s Corner

Diarrhea deaths have increased 4-fold in the last 35 years, despite an overall
decrease in deaths due to infection.

The virulent epidemic strain of C. difficileis the leading hospital-acquired
infection in North America and the likely reason for this increase.

One in five C. difficile infections relapse.

Fecal microbiota transplantation (FMT) is the most effective treatment for
relapsing C. difficile infection.

Understanding the impact of the microbiota on the gut mucosal immune
system will advance and ultimately allow for the refinement of FMT for C.
difficile and potentially other intestinal diseases.

Trends Mol Med. Author manuscript; available in PMC 2021 May 01.
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Outstanding Questions:

Research has mostly focused on antimicrobial mechanisms by which FMT
protects during C. difficile infection. Will targeting of tissue-recovery
pathways using defined microbes add additional value when designing
rational bacteriotherapies?

Can host cytokine biomarkers improve the clinical decision-making of
treatment with antibiotics vs. FMT therapy?

In the context of FMT to treat C. difficile, do microbe-derived metabolites
such as SCFAs and secondary bile acids improve disease severity through
additional modulation of the host immune defenses?

How can microbes be screened for immune-stimulating or
immunosuppressive activity robustly and quickly, to aid in rational design of
next-generation bacteriotherapy?

Trends Mol Med. Author manuscript; available in PMC 2021 May 01.
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Highlights:

Fecal Microbiota Transplantation (FMT) is highly effective at the treatment of recurrent
and severe C.difficile infection (CDI), with 90% relapse-free cure rates reported.

The immune response is a key driver of recovery and pathogenesis during CDI.
Antimicrobial defenses including the inflammasome, MY D88-activated neutrophils, and
IFNy+ ILC1s are essential for killing invading C.difficile and other pathobionts during
infection.

Overly robust inflammation via IL-23, TLR2 signaling, and TH-17 cells increase tissue
damage and can lead to more severe tissue damage during CDI.

Type-2 barrier cytokines IL-33 and IL-25 aid in repair of toxin-mediated epithelial
damage via intestinal eosinophil and ILC2 activation.

The microbiota impacts various immune pathways that aid in recovery from C.difficile
colitis, thus underscoring the importance of monitoring the immune responses before and
after FMT therapy.

Trends Mol Med. Author manuscript; available in PMC 2021 May 01.
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Figure 1. FMT therapy restores microbial homeostasis and colonization resistance for long-term
protection against C. difficile.

Commensal dysbiosis confers host susceptibility to C. difficile infection (red bacterial cells)
and subsequent toxin expression within the gut lumen (left panels). C. difficile toxins initiate
disease through killing of colonic host-epithelial cells (yellow cells) and breakdown of the
gut barrier[14,15]. Antibiotic treatment of C. difficile maintains host susceptibility to
reinfection. Fecal Microbiota Transplantation (FMT) therapy re-establishes commensal
diversity and providing long-term protection from relapse (right panel).
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Figure 2: Activation of the immune system during C. difficile infection.
A schematic of the host immune defenses that influence disease severity during C. difficile

infection. C. difficile drives epithelial disruption in the colon through toxin release. IFN-y+
innate lymphoid cells (ILCs) promote recovery likely via downstream phagocytic
mechanisms. Type-17 T cells (TH-17) cells elicited after previous gut barrier insult drive
more severe inflammation and mortality in murine models of infection via IL-17 release.
Neutrophils are required for bacterial clearance and survival from infection. However, an
overly robust neutrophilic response is associated with more severe disease. Type-2
cytokines, IL-25 and IL-33 drive tissue repair mechanisms to protect from overly robust
damage to the epithelium activating eosinophils during infection. Abbreviations, TcdA,
Toxin A; TcdB, Toxin B; CDT, binary toxin.
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Figure 3. C. difficile relevant host immune responses are impacted by the presence of the
microbiota.

A diverse microflora protects from C. difficile infection. Commensals that produce
secondary bile acids and short chain fatty acids (SCFA) can inhibit C. difficile growth
through bacterial competition. Commensals also promote disease-limiting immune
responses. Secondary bile acids analogs can activate the pyrin inflammasome which is
important for anti-microbial immune defenses against toxins. SCFAs promote epithelial
barrier tight-junction through butyrate stabilization of HIF-1. The SCFAs butyrate and
propionate aid in regulatory T-cells (T-regs) generation via histone deacetylase inhibition. T-
reg mediated 1L-10 expression can suppress pathogenic TH-17 cells. TH-17 cells increase C.
difficile disease severity in cases of prior gut insult and are promoted by the gut commensal,
segmented filamentous bacteria (SFB). ILC2s are protective from C. difficile infection.
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Human ILC2s express toll-like receptors (TLRs) that can sense microbiota-associated
molecular patterns (MAMPS). ILC2 activating cytokines, IL-33 and IL-25, prevent mortality
during murine models of C. difficile colitis and their expression are maintained by the
presence of a diverse microbiota.
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