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Abstract The diverse and densely populated gastroin-

testinal microbiota is essential for the regulation of host

physiology and immune function. As our knowledge of the

composition and function of the intestinal microbiota

continues to expand, there is new interest in using these

developments to tailor fecal microbiota transplantation

(FMT) and microbial ecosystem therapeutics (MET) for a

variety of diseases. The potential role of FMT and MET in

the treatment of Clostridium difficile infection (CDI)—

currently the leading nosocomial gastrointestinal infec-

tion—has proven highly effective for recurrent CDI, and

has emerged as a paradigm shift in the treatment of this

disease. The current review will serve as a summary of the

key aspects of CDI, and will introduce the essential

framework and challenges of FMT, as is currently prac-

ticed. MET represents the progression of conventional

bacteriotherapy that fundamentally capitalizes on the

restorative properties of intestinal bacterial communities

and may be viewed as the culmination of a rationally

designed therapeutic modality. As our understanding of the

composition and function of the intestinal microbiota

evolves, it will likely drive next-generation microbiota

therapies for a range of medical conditions, such as

inflammatory bowel disease, obesity, and metabolic

syndrome.
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Introduction

The gastrointestinal tract houses one of the most diverse

and densely populated microbial ecosystems on the planet

[1]. The complex gastrointestinal microbiota plays a piv-

otal role in the regulation of host physiology, and certain

bacteria including Bacteroides, Bifidobacterium, Clostrid-

ium clusters XIVa and IVa, Eubacterium, Faecalibac-

terium, Lactobacillus, and Roseburia have been associated

with gastrointestinal health [2]. As technological advances

in bioinformatics, metagenomic analyses, and germ-free

models have expanded our knowledge of the intestinal

microbiota composition and function, this has led to the

application of fecal microbiota transplantation (FMT) and

intestinal microbiota therapeutics for a variety of diseases.

Clostridium difficile infection (CDI) and the use of FMT

and microbial ecosystem therapeutics (MET) as a suc-

cessful treatment for recurrent CDI will be the focus of this

review.

Clostridium difficile infection (CDI)

Clostridium difficile infection (CDI) is a gastrointestinal

disease caused by C. difficile, a Gram-positive, spore-

forming and toxin-producing anaerobic bacillus. CDI is a

highly prevalent nosocomial infection and a leading cause

of diarrhea and abdominal pain, accounting for 15–25 % of

antibiotic-associated diarrhea. If left untreated, CDI can

progress to pseudomembranous colitis, toxic megacolon,

and death [3]. C. difficile was originally identified in 1935

as an innocuous normal gut microbe from the infant
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gastrointestinal tract, and has since evolved to become an

opportunistic pathogen of epidemic proportions among

individuals whose normal gut microbiota has been func-

tionally altered [4–6].

In the United States, recent reports have shown an

incidence of CDI of 84 per 100,000 persons, with associ-

ated acute hospital care expenditures estimated in the range

of USD 1.2–5.9 billion [7, 8]. Moreover, C. difficile is an

emerging global health burden, with rising incidence in

Asian countries, where it was previously found in lower

proportions [9]. The dramatic increase in the prevalence of

CDI over the last decade can be attributed in part to the

emergence of the hypervirulent NAP1/ribotype027 epi-

demic strains in North America, which subsequently spread

to Europe, Australia, and Japan [10, 11]. Also of growing

concern is the increasing incidence of CDI in children as

well as in pregnant women [12, 13], and an increase in

community-associated CDI, including among young adults

[14]. For instance, rates of community-acquired CDI

among the general population have been found to vary

between 3.2 and 50 cases per 100,000 [14, 15]. Approxi-

mately 40 % of patients acquiring community-associated

CDI are reported to have no prior antibiotic exposure;

Chitnis et al. reported a rate of 36 % in their multi-center

interview data [14, 16]. In addition to the majority of

patients with community-associated CDI having had

antibiotic exposure within 12 weeks, the authors found that

82 % of this cohort had outpatient or inpatient health care

exposure, and there was a trend toward proton pump

inhibitor (PPI) use, compared to those without antibiotic

exposure [14]. Contact with children younger than 2 years,

who are known to be frequent asymptomatic carriers of

C. difficile, has also been associated with increased risk of

community-acquired CDI [14, 17, 18]. The pathophysiol-

ogy underlying the association of CDI with these lesser-

known yet emerging cohorts remains unclear. Other risk

factors that have been linked with CDI are age greater than

65 years, proton pump inhibitor use, prolonged hospital

stay, and severe comorbidities such as inflammatory bowel

disease and chronic renal disease [19–27].

Fig. 1 Microbiome dysbiosis in recurrent C. difficile. The gut

microbiome is a dynamic system, changing in structure and function

when modulated by environmental factors. In recurrent C. difficile,

various factors (1) contribute to the alterations and ‘‘imbalance’’

(dysbiosis) of the microbiome beyond spontaneous recovery, to a

state incapable of clearing C. difficile infection. Instead, the altered

microbiome creates a conducive environment for C. difficile colo-

nization, sporulation, spore germination, and toxin production (2) C.

difficile pathogenesis (through disruption of epithelial barrier function

and alterations of inflammatory responses) likely contributes to the

dysbiotic state (3) unless treated with microbiome therapy (4) to re-

establish a more normal microbiome and to clear C. difficile infection

(5). Blunt-head line indicates inhibitory effect. Shown in red are

factors and effects contributing to recurrent C. difficile; shown in

green are factors and effects important for clearance of recurrent C.

difficile infection. PPIs proton pump inhibitors, FMT fecal microbiota

transplantation, MET microbial ecosystem therapeutics, IL-8 inter-

leukin-8, MCP1 monocyte chemotactic protein 1
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While the pathogenesis of C. difficile is not entirely

clear, it is well recognized that functional alterations in the

gastrointestinal microbiota create a conducive environment

for C. difficile sporulation, spore germination, and pro-

duction of toxins that contribute to CDI. The source

reservoir of C. difficile, either zoonotic or common envi-

ronmental source, has yet to be confirmed [28]. However,

there is growing concern about the role of animals as a

reservoir, given that certain ribotypes, such as ribotype 078

are commonly found in animals [29].

Recurrent C. difficile infection (rCDI)

Recurrent CDI (rCDI) refers to the clinical resolution of

CDI while on appropriate therapy, followed by relapse of

infection after treatment has been completed [30]. While

most patients experience clearance of C. difficile with

antibiotic therapy (metronidazole or vancomycin),

approximately 20 % will experience another episode of

CDI within 180 days of discontinuing antibiotics [31].

Multiple recurrence is seen in over half of patients who

experience their first relapse and can range as high as

40–65 % in those previously treated for rCDI [31].

Recurrent CDI is thought to be the result of an inability

of the intestinal microbiota to rehabilitate and re-establish

itself after the initial antibiotic insult, thereby rendering the

host susceptible to either a relapse with the same C. difficile

strain or new re-infection with different strains of C. dif-

ficile [32, 33]. In the case of the former, a major mecha-

nism for rCDI is believed to be C. difficile spore

recrudescence or persistence from the initial infection.

It is interesting to note that not all individuals carrying

C. difficile go on to develop symptomatic CDI [34, 35],

suggesting that factors such as the microbiota and host

immunity play an important role in preventing symp-

tomatic infections. The healthy gut microbiota is domi-

nated by the phyla Bacteroidetes or Firmicutes, which

represent the evolutionary development of complementary

yet distinct metabolic roles in the gut ecosystem [36]. Our

knowledge of the microbial composition of the intestinal

microbiota is evolving, largely due to technical advances in

metagenomic analyses. Numerous studies have demon-

strated decreased intestinal microbial diversity among

patients with rCDI compared to those with only one epi-

sode of CDI that does not recur [33], and diversity is

reduced in patients with primary or rCDI compared to

those with asymptomatic colonization [33, 37, 38]. Other

studies have shown lower proportions of the family

Clostridiales Incertae Sedis XI in patients who developed

CDI compared to those who did not [39–41]. This devia-

tion in the gut microbiota is thought to contribute to the

loss of colonization resistance to C. difficile, as seen in

animal and in vitro studies [42]. Future endeavors to further

profile the gut microbiome of individuals with asymp-

tomatic CDI may unravel the dysbiotic mechanistic effects

of C. difficile and identify specific microbial species that

confer protection against CDI.

Risk factors for rCDI and ecosystem collapse

of the healthy gut microbiota

The indigenous intestinal microbiota is a highly dynamic

ecosystem that is perturbed by environmental factors [38, 43,

44]. While the altered ecosystem seems to restore itself to

homeostasis after CDI clearance with antibiotics, in the

remaining 20 % of CDI cases, the microbiome has likely

been altered beyond the point of spontaneous recovery,

rendering the host susceptible to recurrent infection (Fig. 1).

Much of the evidence supporting the hypothesis that

alteration of the microbiome is the primary determinant of

recurrent CDI comes from associative studies rather than

direct evidence implicating these factors. Thus far, wide-

spread evidence has revealed that various factors predictive

of rCDI—similar to those already mentioned for CDI—are

suspected of microbiome modulation, including PPIs,

antibiotic re-exposure after CDI treatment, fluoroquinolone

use, appendectomy, surgery, chemotherapy, low

immunoglobulin levels against C. difficile toxin A or B,

age, and infection with hypervirulent B1/NAP1/ribotype

027 strains [45–51]. Other risk factors include the presence

of an ileal pouch [52], fecal incontinence, and concomitant

antacid use and hypoalbuminemia [47, 53–55]. For pedi-

atric cases, recent evidence from Nicholson and colleagues

showed that among 186 pediatric patients, malignancy (OR

3.39, 95 % CI 1.52–7.85), recent surgery (OR 2.40; 95 %

CI 1.05–5.52), and the number of antibiotic exposures by

class (OR 1.33, 95 % CI 1.01–1.75) were significantly

associated with recurrent CDI [56]. Two of the above risk

factors, PPIs and appendectomy, are explored in more

detail below.

While repeated administration of antibiotics is a well-

known risk factor, evidence is conflicting with regard to the

association between CDI and exposure to proton pump

inhibitors. Specifically, McDonald and colleagues found

cause-specific hazard ratios for rCDI of 1.5 (95 % CI

1.1–2.0) for continuous PPI and 1.3 (95 % CI 0.9–1.7) for

antibiotic re-exposure [45]. Deshpande et al. identified the

use of PPI (RR 1.58; 95 % CI 1.13–2.21; P = .008) as the

most frequent independent risk factor associated with

rCDI, together with age greater than 65 years (RR 1.63;

95 % CI 1.24–2.14; P = .0005), additional antibiotics

during follow-up (RR 1.76; 95 % CI 1.52–2.05;

P\ .00001), and renal insufficiency (RR 1.59; 95 % CI

1.14–2.23; P = .007) [57]. Not surprisingly, the risk for

rCDI was also greater among patients previously on fluo-

roquinolones (RR 1.42; 95 % CI 1.28–1.57; P\ .00001)
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[57]. While Linsky et al. found a 42 % increased risk of

rCDI with PPI use during incident CDI treatment, a study

by Freedberg et al. found no such association, instead

noting a trend for reduced rCDI with PPI therapy, consis-

tent with reports by Rotramel and colleagues [54, 58, 59].

Nevertheless, PPIs have been shown to affect the gastric

microbiota [60], and a small pilot study recently found that

PPI use decreased the diversity of the colonic microbiota

[61]; as such, the effects of PPIs on the gut microbiome and

rCDI warrant further investigation.

It is postulated that the appendix serves as a ‘‘safe

house’’ for beneficial microbes, which re-inoculate the

colon and serve as a reservoir for replenishment of the

intestinal microbial ecosystem [62, 63]. This may explain

the inverse association of the presence of the appendix with

rCDI (adjusted RR 0.398; P\ .0001). Specifically, Im

et al. found a 2.5-fold increased risk of rCDI in patients

without an appendix compared to those with an intact

appendix [64]. This supports the suggestion that the pres-

ence of a vermiform appendix enhances recovery of a

normal microbiome following CDI, thereby averting a

relapse. Although a causal link is difficult to establish for

most of these factors, in vivo/in vitro studies might prove

useful for determining the role of the appendix in stabi-

lizing a dysbiotic microbiota, the effect of immunoglobu-

lins in the recovery of the protective microbiome, and

differences in virulent strains, if any, on the composition

and resilience of the gut microbiota.

Fecal microbiota transplantation (FMT)

Fecal microbiota transplantation (FMT) refers to the infu-

sion of fecal suspension from a healthy donor to restore the

gut microbiota of the recipient for therapeutic purposes.

While the practice of FMT dates back to the Dong-jin

dynasty in fourth century China, it was not until 1958 that

Eiseman and colleagues first documented the use of fecal

enemas as a treatment for antibiotic-induced pseudomem-

branous colitis in humans [65, 66]. Thereafter, Schwan

et al. reported the use of FMT for recurrent CDI in a

65-year-old woman, whose symptoms promptly resolved

within 24 h [67]. Over the past decade, there has been

tremendous resurgence in the therapeutic role of FMT in a

variety of clinical conditions, most notably in recurrent

CDI.

Widespread evidence has shown FMT to be a safe,

inexpensive, and efficacious treatment for recurrent CDI.

Gough and colleagues, in their comprehensive review of

FMT for recurrent CDI, found that 89 % of the 317 patients

had resolution of recurrent CDI after one treatment. Fur-

thermore, 87.5 % of the small percentage of patients who

had relapsed CDI after the first FMT experienced clinical

resolution with repeated treatments [68]. The robust

systematic review by Kassam et al. compared 11 studies,

reporting that up to 89.7 % of patients had resolution of

CDI with FMT, with no adverse events in a follow-up

period that ranged from weeks to years [69]. Cammarota

et al., who included 20 case series, 15 case reports, and one

randomized controlled trial in their systematic review,

found that 87 % of a total of 536 patients experienced

resolution of CDI-associated diarrhea, with no reported

severe adverse events. The most common route of infusion

was via colonoscopy, with a high response rate of 93 %. In

the absence of head-to-head comparisons, the other

routes—namely, nasogastric, nasoduodenal, or rectal

enema—afford a comparative likelihood of cure, at 81, 86

and 84 %, respectively [70].

In 2013, van Nood et al. published the first randomized

controlled trial of infusion of donor feces against rCDI, in a

small open-label study using duodenal infusion. The

patients were pretreated with vancomycin and bowel

lavage and randomized to compare an initial high-dose oral

vancomycin regimen (500 mg four times daily for 5 days)

followed by bowel lavage and subsequent FMT, to a

standard vancomycin regimen or a standard vancomycin

regimen with bowel lavage. This trial was stopped early,

after the interim analysis, since 94 % of patients in the

FMT group achieved clinical resolution (81 % after the

first infusion), compared to 31 or 23 % in the other treat-

ment arms [71]. Likewise, Youngster et al. conducted an

open-label randomized controlled pilot study with 20

patients with a median of four relapses and four antibiotic

treatment failures, and found that FMT using a frozen

inoculum from unrelated donors resulted in clinical reso-

lution in 70 % of cases after a single treatment, which

increased to 90 % with retreatment [72]. The monumental

interest in fecal microbiota therapy is reflected in the

number of trials listed on ClinicalTrials.gov with the key-

words ‘‘Clostridium difficile’’ and ‘‘fecal microbiota

transplantation,’’ with at least 17 registered trials relevant

to this topic currently underway in various phases [73].

FMT procedure

There have been various protocols across practitioners for

donor eligibility, stool preparation. and administration. The

donors are in good health and generally, but not always,

known to the patient. While there is no established con-

sensus, many guidance documents have been published

[32, 74, 75]. Absolute contraindications usually include

known or recent exposure to HIV or viral hepatitis, high-

risk sexual behavior, past or present irritable bowel syn-

drome, inflammatory bowel disease, gastrointestinal

malignancy, and recent antibiotic use. Both donors and

recipients are screened for transmissible infectious patho-

gens, with serological testing for hepatitis A, B, and C,
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HIV, and syphilis, and stool tests for toxigenic C. difficile,

ova and parasites, bacterial culture, and antibiotic sensi-

tivity. Additional donor screening may include testing for

vancomycin-resistant enterococci (VRE), methicillin-re-

sistant Staphylococcus aureus (MRSA), carbapenem-re-

sistant Enterobacteriaceae (CRE), Giardia,

Cryptosporidium, and Isospora parasites, and enteric viral

pathogens such as norovirus and rotavirus [76]. In cases of

hematopoietic stem cell transplant and solid-organ trans-

plant recipients, Epstein–Barr virus and Cytomegalovirus

are also tested, and patients with relevant travel or expo-

sure history may be tested for additional pathogens such as

Strongyloides stercoralis. Donors are typically excluded if

there has been antibiotic use within the last 3 months. More

rigorous criteria excluding donors with chronic medical

conditions such as obesity has also been recommended

[76].

The processing of donor stool typically requires 50 g of

stool to be re-suspended in approximately 100–300 mL of

a variety of solutions ranging from the commonly used

non-bacteriostatic saline, to water or milk. The re-suspen-

sion protocols vary from mixing in a beaker to homoge-

nizing the solution in a mechanical blender followed by

filtration of the larger particulate matter. Prior to admin-

istration, recipients usually undergo large bowel lavage

and, in some protocols, are given anti-motility agents to

optimize retention of fecal microbiota contents. FMT

administered by any route has been shown to be effica-

cious, and there is no definitive evidence for the superiority

of any one modality [68, 69, 74, 77]. Nevertheless, each

modality has its inherent advantages and disadvantages.

For instance, colonoscopy affords large volume infusions,

visualization of comorbid pathology, and histologic eval-

uation, but entails a small risk of perforation. In compar-

ison, nasoduodenal or rectal enemas are more accessible,

less time-consuming, and cheaper.

Regulation

The widespread use of FMT and the concerns surrounding

live microorganisms has led to the designation of stool as a

biologic agent by Health Canada and by the Food and Drug

Administration (FDA) in the United States. As such, the

FDA requires an Investigational New Drug application and

approval prior to the use of microbial-based therapeutics

such as FMT. In July 2013, however, the FDA revised its

requirements to exercise enforcement discretion in situa-

tions such as recurrent CDI while it develops appropriate

policies about the use of FMT [78]. Health Canada fol-

lowed suit with a similar guidance document release in

March 2015 [79]. Inherent in the process of informed

consent is the recipient’s understanding of the investiga-

tional nature of this modality for treating C. difficile and its

risks. Of note, the use of FMT for non-CDI indications still

requires full regulatory approval in both the United States

and Canada.

Safety

FMT is known to be a safe procedure, with adverse or serious

complications reportedly uncommon [70]. Symptoms of

constipation, diarrhea, cramping, and bloating have been

reported shortly after FMT, but are transient and self-limiting

[68]. Brandt et al., who conducted a multi-center long-term

follow-up study of patients with rCDI previously treated with

FMT, with a follow-up period ranging from 3 to 68 months,

found a primary cure rate of 91 % among the 77 respondents.

In addition, no definite adverse effects were noted, with 53 %

of patients indicating a preference for FMT as first-line

treatment if CDI were to recur [80]. To date, cases of death

attributable to FMT due to aspiration pneumonia related to

sedation and bacteremic toxic megacolon have been isolated,

but underscore the need for robust follow-up to expand the

safety data [81–83]. Although FMT has demonstrated

overall safety among the immunocompromised population, a

subset of patients with inflammatory bowel disease (IBD)

have been found to experience exacerbation of IBD, fever, or

elevated C-reactive protein levels post-FMT treatment [83–

86]. The lack of data and the inherent variability of the

microbial composition in donor stool renders the assessment

of adverse events challenging. Nevertheless, further longi-

tudinal data is absolutely imperative in establishing the

safety of FMT, especially among select populations such as

those with severe CDI and IBD.

Challenges of FMT

Although the multiple studies with FMT have provided a

range of protocols, there are no protocols delineating

definitive donor and recipient selection criteria, material

processing, route of administration, or evaluation of suc-

cess. A single standardized protocol may increase adoption

rates across practitioners; thus far, Bakken et al. from the

Fecal Microbiota Transplantation Workgroup have pro-

vided formal practice guidelines for FMT [74].

There are logistical and financial hurdles involved in

conventional bacteriotherapy surrounding donor selection

and screening, as well as concern for transmissible infec-

tions such as opportunistic pathogens or acquisition of

infections in the limited time period prior to donation.

While a healthy donor is essential in order to allow the

restructuring of the recipient’s microbiota to that of a

healthy individual, the infectious risk is attenuated by the

choice of donors known to the recipient based on the

premise of shared commensal organisms. Nevertheless,

there is adequate evidence that unrelated donor stool is just
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as efficacious [71, 87, 88]. Given the strict inclusion cri-

teria, only a select proportion of recruited candidates are

ultimately qualified. Khoruts et al., for example, found that

approximately 10 % were qualified at their center [89]. The

challenge of donor selection and recruitment could be

mitigated by the development of dedicated donor programs

with standardized screening and testing criteria that parallel

blood donation programs.

Stool is an extremely complex material, consisting of a

remarkably diverse range of microorganisms, with inter-

and intra-individual variability in composition, represent-

ing the metabolically active and dynamic gut microbiota.

Hence, a formidable challenge to conventional bacterio-

therapy relates to stool processing that retains these

inherent robust and resilient characteristics. Recent evi-

dence has shown the feasibility of frozen microbial

preparations [90, 91]. For instance, Youngster and col-

leagues demonstrated the efficacy of using frozen inoculum

from unrelated donors as a treatment modality for relapsing

CDI, with administration by nasogastric tube shown to be

as efficacious as colonoscopic administration. As such,

frozen inocula would eliminate the need for readily avail-

able donors and multiple donor screening and eligibility,

thus facilitating the use of a single universal donor, expe-

diting the process. Because it would bypass logistical

hurdles through early identification and screening of donors

ahead of time, it would allow these microbial fractions to

become aesthetically appealing and quantifiable with

respect to their bacterial composition, thereby enabling up-

to-date testing of both donor and frozen product. Further-

more, banking of frozen microbial products would facili-

tate extended donor follow-up periods, thus permitting

testing for latent infectious pathogens as well. While the

mean shelf-life of the frozen inoculum has not been

established, Youngster et al. reported a mean duration of

79.3 days, with a maximum length of 156 days. Harnessing

this potential of frozen microbial fractions, non-profit stool

banks such as OpenBiome in the United States supply

standardized fecal microbiota for nasogastric or colono-

scopic administration immediately after thawing or for

storing up to 6 months at -20 �C. However, the FDA

revision mandating that the FMT donor be known to either

physician or recipient limits the full utilization of this

service [92].

Among the widespread evidence for FMT in recurrent

C. difficile cases, there is limited information about the

nature of the bacterial species in donor stool samples or the

intestinal microbiota in recipients. The gap in our knowl-

edge of the microbial composition of the intestinal

microbiota pre- and post-bacteriotherapy will slowly nar-

row with advances in metagenomic analysis. For instance,

Khoruts et al. utilized 16S rRNA gene sequencing and

terminal-restriction fragment length polymorphism

analysis to demonstrate that clinical resolution after bac-

teriotherapy for rCDI was accompanied by the restoration

of beneficial intestinal microbiota at 2 weeks post-trans-

plantation. Specifically, the recipient colonic microflora

resembled that of the donor and was dominated by Bac-

teroides species strains up to 33 days post-therapy. Fur-

thermore, the Ruminococcaceae and Anaerostipes sp.

strains became more abundant at later time periods [93].

Our evolving knowledge will eventually allow determina-

tion of the optimal composition of bacterial strains to

restore gastrointestinal microbiota balance in treating

recurrent CDI, and will facilitate safety and compliance in

the administration of targeted microbiota-based

therapeutics.

A major focus of research is the investigation of changes

in intestinal microbiota species diversity and the underly-

ing molecular mechanisms that confer resistance. Buffie

et al. recently analyzed the intestinal microbiota of mice

that were receiving antibiotics and went on to develop CDI,

and compared this to the gut microbiota of bone marrow

transplant patients who also received antibiotics, some of

whom developed CDI. The authors found that a healthy

intestinal microbiota comprises a large number of diverse

species of microorganisms, with increased representation

of Firmicutes and Bacteroidetes, and decreased represen-

tation of Proteobacteria. The authors further utilized

mathematical modeling of gut microbiota composition data

from mice and humans to identify bacterial species

strongly associated with resistance to CDI, and then chose

four species (Clostridium scindens, Blautia hansenii,

Pseudoflavonifractor capillosus, and Barnesiella intesti-

hominis), among which the strongest association was found

for C. scindens. They then tested this mixture in their CDI

animal model and found that administration of C. scindens

either alone or as a mixture was protective, likely through

mechanisms involving bile salt metabolism [94]. Although

microbiome recovery appears to be critical in protecting

against recurrent CDI, this study showed that specific key

microbes are also likely important for protection against

recurrent C. difficile infection.

Microbial ecosystem therapeutics

Microbial ecosystem therapeutics (MET) appears to be the

natural progression to a more sophisticated approach to

rehabilitating the gastrointestinal dysbiosis with a healthy

ecosystem of native gut microbiota. Contrary to probiotic

therapies, which comprise limited strains of bacteria, MET

utilizes bacterial communities and is derived directly from

the gastrointestinal tract. MET would be designed to

account for a complex gastrointestinal microbiota, and

thereby afford the recipient a means towards resilient and

robust microbial communities.
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Tvede and Rask-Madsen were early pioneers in identi-

fying the need to move from fecal suspensions towards

administration of defined and identified microorganisms as

a therapeutic option. In 1989, the authors isolated ten

enteric facultative aerobic and anaerobic bacterial strains

from human feces, among which three of the selected

strains inhibited the in vitro growth of C. difficile (R.

productus, C. bifermentans, and an E. coli strain), whereas

the six C. difficile strains inhibited the in vitro growth of all

Bacteroides species [95]. Given that none of the six

patients with recurrent CDI had this predominant colonic

species in their gut prior to bacteriotherapy, and all had

complete clinical recovery, with negative C. difficile toxin

and evidence of sustained recolonization with Bacteroides

sp. post-treatment, evidence at the time suggested that

Bacteroides sp. was essential in normal colonic function

and in colonic resistance to reinfection with C. difficile. Of

note, one of the five patients had failed to improve with two

fecal enemas, but did so with administration of this mixture

of cultured bacteria [95].

The development of a prototype MET depends on a

therapeutic formulation that optimally consists of various

microbial species that represent the intricate stability and

durability of the gut microbiota. For instance, Petrof et al.

developed the ‘‘RePOOPulate’’ human-derived formulation

consisting of 33 chosen isolates obtained from the stool of a

single healthy donor. The authors used a modified continu-

ous culture chemostat system to isolate the intestinal bacte-

ria, and the 33 nonpathogenic strains were then chosen based

on antibiotic susceptibility profiles, culturability, and sta-

bility of the ecosystem when grown in the continuous che-

mostat system [96]. This MET derived from a preselected

ecosystem was administered via colonoscopy to two patients

with recurrent CDI who had failed at least three courses of

antibiotic therapy to treat CDI, resulting in clinical resolution

that was persistent at the 6-month follow-up period. Addi-

tional 16S rRNA gene sequencing analysis demonstrated

major changes in the stool microbial profile such that a

minimum of 25 % of the RePOOPulate sequences were

found in the recipient isolates up to 6 months post-treatment,

despite incidental antibiotic perturbations, representing sta-

bility and feasibility of this treatment modality [96].

The use of advanced functional genomic and metabo-

lomics technologies for the identification of microbes

associated with protection, coupled with functional char-

acterizations in murine model systems, will greatly benefit

rational development of MET formulations [97]. For

instance, Buffie et al. showed the protective effects of their

single bacterial species C. scindens against CDI using a

murine model. Likewise, Lawley et al. used mice infected

with the epidemic C. difficile 027/B1, showing that it out-

competed health-associated intestinal bacteria to perpetuate

intestinal dysbiosis after clindamycin treatment. This

murine model was then employed to rationally identify a

simple mixture of six phylogenetically diverse bacteria that

triggered the expansion of health-associated bacteria when

administered as a mixture rather than as individual species,

suggesting that both species composition and diversity are

important factors in the design of bacteriotherapy [98].

These examples provide further proof of concept that tar-

geted bacteriotherapy can cause robust shifts in microbial

community structure, leading to disease resolution, and

further support the rational approach of harnessing healthy

microbial communities to treat diseases resulting from

intestinal dysbiosis.

Advantages of MET

Cumulative evidence from the realm of ‘‘synthetic’’, or

defined, stool formulations as a therapeutic modality sug-

gests that it will be an effective, feasible, and safe approach

for the treatment of CDI. The concerns associated with

fecal microbial therapy—notably, infection transmission,

lack of standardized treatment regimens, and aesthetic

issues—would be largely allayed with the use of synthetic

stool substitutes.

Given the emerging evidence of the efficacy and feasi-

bility of ‘‘probiotic’’ ecosystem therapeutics, it is worth

elucidating its advantages over traditional simple-mixture

probiotics or donor fecal administration. First, knowledge

of the exact constituents of the synthetic stool substitutes

enables protection from infectious pathogens, repro-

ducibility, and control of the optimal composition that can

then be recreated for further treatments at short notice.

Second, synthetic probiotic mixtures represent a tailored

treatment modality, since the profile of bacterial species

can be selected based on specific criteria such as antimi-

crobial sensitivity patterns. Third, the formulation of a

multi-species community derived from a selected ecosys-

tem is more amenable to retaining the inherent character-

istics of healthy gut microbiota necessary for robust

colonization [99]. Furthermore, preparations of culture are

more stable than fresh fecal suspensions, which are typi-

cally administered within 6 h of collection [74]. For

instance, MET grown in continuous culture at steady state

in a chemostat system would render defined microbial

ecosystems readily available for use, enabling optimal

establishment in the recipient. Petrof et al. have shown that

the microbial composition of MET generated in their

chemostat system at steady state was similar to the patient

stool sample post-MET administration [100].

Challenges and future prospects

Conventional FMT bacteriotherapy and MET, by nature of

their classification as biologic agents by the FDA and
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Health Canada, are subject to rigorous regulatory pro-

cesses, some of which are unique to MET, given that the

latter is technically a defined ‘‘manufactured’’ mixture.

Nevertheless, the production, standardization, and regula-

tion of microbial therapeutics will need to account for its

complexity and variability. Good manufacturing practice

(GMP) guidelines ensure that pharmaceutical manufactur-

ing processes are consistent, and avoid contamination or

product deviations that jeopardize safety and therapeutic

efficacy. These principles can likely be enforced by regu-

latory agencies such as the FDA towards controlled pro-

duction, design, monitoring, and control of manufacturing

processes and facilities. Standardized practices such as

these can safeguard optimal large-scale manufacturing

once FMT-based therapeutics becomes mainstream. Thus

far, the University of Minnesota has established GMP

production of FMT therapeutics [99]. The establishment of

large-scale manufacturing of microbiota therapeutics will

entail significant capital investment for facilities and per-

sonnel that are ultimately equipped to consistently produce

diverse, healthy, and robust mixtures of intact bacterial

communities.

The concept of MET reflects the progression of ‘‘con-

ventional’’ FMT to a more rationally designed treatment

modality. Next-generation microbiota therapies, either as

full-spectrum microbiota or synthetic defined MET, pre-

sent an appealing opportunity to treat a range of chronic

medical conditions wherein the human microbiota is

thought to play a role, including inflammatory bowel

disease, irritable bowel syndrome, obesity, and metabolic

syndrome. This will ultimately be contingent upon an

improved understanding of the mechanistic role of the

intestinal microbiota in human physiology, both in health

and disease.

Summary

Fecal microbiota transplantation and next-generation

microbial-based therapeutics act to restore perturbed

intestinal microbiota, and have shown tremendous potential

in the treatment of recurrent CDI. This has since unleashed

widespread interest in its use as a treatment modality for a

range of challenging diseases. Conventional bacteriother-

apy has led the way in the development of targeted

microbial therapeutics based on our evolving understand-

ing of the mechanisms by which microbial communities

provide protection against certain diseases. Further

research is needed on the long-term implications of

microbiome manipulation.
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