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risk factor exposure. The goals of CDI management include controlling
active symptoms and using a recurrence prevention strategy such
as a narrow-spectrum antibiotic, tapered and pulsed regimens, anti-
body-based therapies (directed against toxin B), or microbiome resto-
ration. In recent years, fecal microbiota transplantation (FMT) has been
the most used modality to prevent recurrent CDI with high cure rates.
Heterogeneity, lack of scalability, and serious adverse events from
FMT have led to development of standardized microbiota restoration
therapies (MRTs). The US Food and Drug Administration has approved
2 stool-derived MRTs for prevention of recurrent CDI: fecal microbi-
ota, live-jslm, an enema-based therapy; and fecal microbiota spores,
live-brpk, an oral therapy. A phase 3 trial for a synthetic oral MRT is
underway. This article outlines the pathophysiology and treatment of

CDI, focusing primarily on the gut microbiome and standardized MRTs.

lostridioides difficile is a spore-forming, anaerobic gram-positive

bacteria that colonizes the human gastrointestinal (GI) tract."

First discovered in 1935, C difficile was initially thought to
be a commensal member of the gut microbiota.® It was not undil the
1970s that its association with clinically significant diarrheal illness was
understood.* In the following years, C difficile infection (CDI) quickly
emerged as the most common cause of infectious diarrhea in hospitalized
patients.’ Currently, worldwide, the estimated incidence of CDI is 49.36
per 100,000 population/year with a concerning increase both in hospital
and community rates.’ In the United States, C difficile has remained a
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Diarthea, Clostridioides difficile, fecal microbiota continued public health concern, labeled an urgent threat by the Centers
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microbiota restoration therapy diagnosed in nearly a half-million Americans, with almost half requiring
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hospitalization and over a quarter of those patients dying
during their admission.® Although the national burden of
CDI and associated hospitalizations decreased from 2011
to 2017, community-acquired CDIs, first recurrences,
and in-hospital deaths remained at a stable high and did
not change significantly.® The most recent CDC data
show that mortality continues to be an ongoing challenge,
as 1 in 11 patients older than 65 years die within 1 month
of diagnosis of health care—associated CDI each year.’
Previously, CDI was believed to be primarily a
hospital-acquired disease; however, recent data suggest
that up to 40% to 50% of all CDIs can be community
acquired.?!® CDIs are occurring in patients without
traditional risk factors, such as advanced age and recent

antibiotic use, at increased rates.>®!'"!1?

Of major concern
in the treatment of CDI is relapse, with approximately 1
in 6 patients experiencing recurrent infection in the 2 to
8 weeks following an initial episode.”’® In patients with
at least 1 recurrence, the risk of subsequent recurrences
increases to 45% to 65%.'* This often precipitates a cycle
involving escalation in antibiotic intensity and frequency,
with significant morbidity and mortality.”

C difficile has major implications not only clinically
but also economically for an already strained US health
care system.'® In 2014, health care costs associated with
CDI in US hospitals, long-term care facilities, and long-
term acute care hospitals were estimated at $4.7 billion,
while the estimated cost of CDI in the community was
$725 million, totaling approximately $5.4 billion. Pre-
vious studies from 1997 to 2012 estimated attributable
costs of $5.4 to $6.3 billion per year in the United States
for CDLY In health care facilities, an estimated $3.2
billion is spent on initial CDI and $1.5 billion on recur-
rent episodes.'® Other studies have estimated the annual
cost associated with recurrent CDI (rCDI) in the United
States to be $2.8 billion." Estimates of global economic
burden are not clear but likely far exceed the aforemen-
tioned costs.

The clinical and economic burden of CDI is of major
concern both in the United States and globally. Preventing
CDI recurrence has become a key focus in ongoing stud-
ies due to the increased mortality rates and costs to health
care institutions associated with recurrent infections. This
article reviews the pathophysiology and current treatment
landscape of CDI and explores an alternative paradigm
to the treatment of rCDI, with evaluation of microbio-
ta-based therapeutics, especially the novel standardized
microbiota restoration therapies (MRTs).

Pathophysiology

C difficile is a gram-positive anaerobe capable of forming
spores resistant to antibiotics, heat, and alcohol-based

sanitization. These spores can remain viable for up to 5
months on dry surfaces, and have the capacity to rapidly
spread in settings where proper cleaning methods are not
used.? Infection with C difficile follows 3 phases: trans-
mission of spores, disturbance to the gut microbiome, and
colonization and proliferation in the GI tract resulting in
an immune-mediated response to exotoxin production.

In the environment, C difficile exists as a dormant
spore, with host transmission following oral ingestion. In
the community setting, this is typically via the fecal-oral
route, whereas in the hospital setting, it is usually second-
ary to contact with contaminated surfaces. Normally, C
difficile is kept in low numbers by an intact gut microbi-
ome through competition for nutrients and attachment
sites,! as well as production of bacteriocins, which directly
inhibit C difficile proliferation.?’ Exposures or diseases
that decrease the diversity of the gut microbiome are
potential risk factors for C difficile proliferation and toxin
production within the GI tract, leading to CDI.>%

There are numerous risk factors associated with CDI.
All are linked to dysbiosis of the gut microbiome, typically
characterized by a loss in species diversity. The main risk
factor for developing CDI is exposure to antibiotics. The
risk varies by antibiotic class; the highest risk is associated
with clindamycin, fluoroquinolones, third- or fourth-gen-
eration cephalosporins, and carbapenems.”>?* Antibiotics
significantly alter the commensal intestinal flora that nor-
mally suppress C difficile overgrowth. C difficile is resistant
to many commonly used antibiotics because of the loss
of competitive inhibition and competition for nutrients as
well as changes in the microenvironment resulting from
collateral antibiotic damage to commensal flora, which has
opened a new ecologic niche that allows for C difficile pro-
liferation.” Other risk factors associated with an altered
gut microbiome include advanced age (265 years),? kid-
ney disease,”’ 8 chemother-
apy,? obesity,® and gastric acid suppression through use
of proton pump inhibitors®"# or gastric bypass surgery.”

Once C difficile gains a niche for proliferation, it can
enter its vegetative form to elicit infection.*® It is worth

inflammatory bowel disease,”

noting that C difficile exists in toxigenic and nontoxi-
genic strains, and only toxigenic strains cause CDIL.% The
main virulence factors in toxigenic strains of C difficile
are endotoxins A and B.* Toxin A is an enterotoxin that
induces cytoskeleton disruption of enterocytes, leading to
apoptosis.” Toxin B is a cytotoxin that exerts its apoptotic
effect through pore formation in the enterocyte mem-
brane.® A third endotoxin, binary toxin,” is thought
to increase the virulence of toxins A and B. All 3 toxins
are proinflammatory and capable of producing a clinical
syndrome ranging from mild diarrhea to life-threatening
conditions, including pseudomembranous colitis and
toxic megacolon.®
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Table 1. Antibiotic and Antibody Treatment Recommendations for CDI

LANDSCAPE AND MICROBIOME THERAPEUTICS

Classification by Antibiotic or
severity and recurrence antibody therapy Dosage and duration
Nonfulminant infection®
Initial episode Vancomycin 125 mg PO 4 times daily for 10-14 days
Fidaxomicin 200 mg PO twice daily for 10 days
Bezlotoxumab Single 10 mg/kg infusion (if 21 risk factor for recurrence)® in
addition to vancomycin or fidaxomicin
First recurrence® Vancomycin Pulse-tapered PO vancomycin for 6-8 weeks
Fidaxomicin 200 mg PO twice daily for 10 days
Bezlotoxumab Single 10 mg/kg infusion in addition to vancomycin or fidaxomicin
Second or subsequent Vancomycin Pulse-tapered PO vancomycin for 6-8 weeks

recurrence®

Vancomycin + rifaximin

Vancomycin 125 mg PO 4 times daily for 10 days followed by
rifaximin 400 mg 3 times daily for 20 days

Fidaxomicin 200 mg PO twice daily for 10 days

Bezlotoxumab Single 10 mg/kg infusion in addition to vancomycin or fidaxomicin
Fulminant infection®
Initial episode or recurrence | Vancomycin 500 mg PO 4 times daily for 10-14 days

Metronidazole 500 mg IV 3 times per day for 10-14 days

CDI, Clostridioides difficile infection; 1V, intravenous; PO, oral.

*CDlI is considered fulminant if hypotension, shock, paralytic ileus, and/or toxic megacolon is present. CDI in patients without any of these findings

is classified as nonfulminant and is treated based on the number of recurrent episodes.

bRisk factors for recurrence include age >065 years, CDI in the past 6 months, current systemic antibiotic use, fulminant CDI, and medical

comorbidities (eg, inflammatory bowel disease and therapeutic or pathologic immunosuppression).

“Antibiotic choice should be based on antibiotics used during prior infection to avoid exposure to the same agent.

Recurrent Infection

Following an initial CDI, patients can experience recur-
rent disease secondary to relapse from the initial infection
or to infection by a new strain of C difficile.”" Although
the pathophysiology underlying recurrence is still largely
unknown, it is thought that recurrence is secondary to
sustained disturbance of the gut microbiota following ini-
tial antibiotic therapy, as antibiotics used to treat CDI can
lead to further gut microbial dysbiosis.'* Altered bile acid
metabolism,” poor antibody response to C difficile tox-
ins,®® and other factors, similar to the factors that increase
risk of initial infection such as advanced age (265 years)
and proton pump inhibitor usage, are also associated with
rCDI 4445

Current Treatment Landscape
The existing paradigm in treating CDI is centered on

antibiotic therapy. Generally, all patients with symptom-
atic disease are recommended to receive antibiotics, with

type and duration dependent upon severity of CDI and
number of recurrent episodes.’®” The first step when
deciding on treatment of CDI is to determine whether
the patient meets the criteria for fulminant infection.
CDI is considered fulminant if hypotension, shock, par-
alytic ileus, and/or toxic megacolon is present. CDI in
patients who do not have any of these findings is classified
as nonfulminant and treated based on the number of
recurrent episodes.

Antibiotic and antibody treatment recommendations
for CDI are listed in Table 1. In patients with fulminant
disease, high-dose oral vancomycin and intravenous
metronidazole are recommended.’ First episodes of
nonfulminant CDI are treated with the oral antibiotics
vancomycin or fidaxomicin.* Fidaxomicin has similar
outcomes in treating initial CDI and is associated with
significantly lower risk of recurrent infection when com-
pared with vancomycin.*** Generally, a 10-day course is
recommended for nonfulminant cases.

tCDI is defined as a positive stool specimen with
reappearance of symptoms (loose or watery stools for 2
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days) within 8 weeks of prior resolution.”

In patients
with nonfulminant CDI experiencing their first recurrent
episode, pulse-tapered oral vancomycin for 6 to 8 weeks
or oral fidaxomicin for 10 days is recommended. In
patients with more than 1 recurrence, pulse-tapered oral
vancomycin for 6 to 8 weeks, standard-dose oral vanco-
mycin for 10 days followed by rifaximin for 20 days, or
fidaxomicin for 10 days unless used for prior episodes is
recommended. In these patients with more than 1 recur-
rence, evaluation for fecal microbiota transplantation
(FMT) should be considered.”® Notably, FMT has been
shown to be more effective for the treatment of rCDI than
both vancomycin®' and fidaxomicin.” Further, C difficile
strains with decreased susceptibility to vancomycin have
started to emerge.”

In patients with rCDI, a one-time infusion of bezlo-
toxumab, a monoclonal antibody against C difficile toxin
B, can be given concurrently with antibiotics.”*>> Addi-
tionally, bezlotoxumab can be added to standard antibi-
otics in patients with CDI and more than 1 risk factor
for recurrence, including CDI within the last 6 months,
age 65 years or older, immunocompromised status, and
severe infection (white blood cell count >15,000 cells/pL
or creatinine >1.5 mg/dL).”

The Microbiome and C difficile

The human GI tract is home to an estimated 100 trillion
microorganisms, including bacteria, archaea, fungi, and
viruses.”® The collective gene expression of these microor-
ganisms is termed the microbiome, which contributes 10-
to 360-fold more genetic information than the human
genome.”’ These microorganisms make up a robust
community that plays an important physiologic role in
host biology, including nutrient digestion, endocrine
signaling, vitamin and hormone synthesis, and bile acid
metabolism.’® As mentioned earlier, the native micro-
biota inhibit proliferation of foreign strains of bacteria,
such as C difficile, through competition for nutrients,
niche occlusion on gut wall attachment sites, production
of antimicrobial metabolites, and alteration of bile acid
composition.’”

Although the gut microbiota can be health-promot-
ing in a setting of balanced symbiosis, deleterious effects
can occur in the setting of gut microbiota disruption
(dysbiosis). Alteration of the composition and function
of the microbiome can result from age, diet, acid-sup-
pressing medications, systemic illness, and most notably
broad-spectrum antibiotic use.”*® Ultimately, exposures
or states that alter the underlying gut microbiome can be
an attributable risk factor for CDI.

Specific changes in gut microbiota composition
that occur in CDI include reduction in Firmicutes and

Actinobacteria.®' These bacteria normally inhibit C dif
ficile from adhering to the intestinal epithelium. Addi-
tionally, these microbes have direct antimicrobial action
on C difficile through induction of a proinflammatory
response and production of antimicrobial peptides.®>®
Dysbiosis-induced shifts in microbial metabolism are
646 Loss of diversity leads

to decreased bacterial transformation of primary bile

also not without consequence.

acids into secondary bile acids. A high level of secondary
bile acids normally inhibits C difficile spore germination;
however, this shift in composition allows germination
and pathogenic proliferation of C difficile spores.*** This
alteration of bile acid composition is a known risk factor
for both initial CDI and rCDI.“”%® Another concerning
shift in microbial metabolism associated with gut dys-
biosis is a decrease in microbial-produced short-chain
fatty acids (SCFAs). SCFAs have been shown to directly
inhibit C difficile growth through multiple in vivo and in
vitro pathways.*7

Fecal Microbiota Transplantation

In patients being treated with antibiotics for CDI, up to
30% will experience at least 1 episode of rCDI, with risk
of recurrence increasing in each subsequent episode.’”!
Notably, patients with rCDI have reduced species diver-
sity in the gut microbiota, and antibiotic-induced changes
can persist over time.’"’? Despite evidence suggesting
that microbiome disruption is a crucial pathophysiologic
factor in CDI and rCDI, microbiota restoration is not
currently included in the routine treatment of CDI.

The most used method for gut microbiota restoration
is FMT, which involves the instillation of donor stool into
the GI tract of a recipient. Current guidelines recommend
use of FMT in CDI for patients experiencing 3 or more
episodes of nonsevere CDI treated with appropriate
first-line therapy (vancomycin or fidaxomicin) and 2 or
more prior episodes of CDI requiring hospitalization.*
Additionally, FMT can be considered when patients have
severe CDI or fulminant CDI with insufficient clinical
improvement after 48 to 72 hours of maximal medical
therapy.“©73

Success and Pitfalls

Largely, microbiome restoration with FMT has been a
success in the treatment of rCDI. In one study of rCDI,
success rates of 90% with FMT and 40% with standard
antibiotic regimens were seen.”* In another study, clinical
resolution of rCDI was seen in 92% of patients receiving
FMT compared with 42% and 19% of patients who
received fidaxomicin and vancomycin, respectively.’? A
review of 317 patients showed resolution of rCDI and per-
sistent disease in 92% of cases in patients receiving FM'T.”>
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Table 2. Microbiota Restoration Therapies for Prevention of Recurrent Clostridioides difficile Infection

Composition and
route of administration Product Recurrence Current status
Stool-derived enema Fecal microbiota, live-jslm; Second/third Received FDA approval for
formerly RBX2660 prevention of recurrence
Stool-derived oral capsule CP101 Second/third Clinical development has been
discontinued
MET-2 Second/third Phase 2 is being planned
RBX7455 Second/third Phase 3 is being planned
Fecal microbiota spores, live-brpk; | Third Received FDA approval for
formerly SER-109 prevention of recurrence
Synthetic oral capsule SER-262 First No active trials
VE303 First/second/third Phase 3 is underway

FDA, US Food and Drug Administration.

A systematic review of 480 patients treated with FMT for
rCDI found a cure rate of 85% across all studies.”

FMT not only has clinical efficacy in treating
rCDI, but also has the ability to restore or increase gut
microbiota diversity, restore colonization resistance, and
increase secondary bile acids—important pathophysio-
logic components underlying recurrent infection.’”7”?
This restoration of protective gut function can help break
the cycle of rCDI by reinstituting competitive resistance
to C difficile spore germination and proliferation. Impor-
tantly, these changes are noted to persist for years after
treatment.**®!

Despite its demonstrated efficacy, there are several
important considerations when assessing FMT as a ther-
apeutic modality in the treatment of rCDI. First, FMT
has no standardized protocol, and its implementation
often varies by institution.®> Without a standardized
methodology, there are variations in donor recruitment,
screening, and testing as well as stool handling, process-
ing, and composition, adding heterogeneity to FMT and
the treatment of rCDI. Stool contains far more than just
microorganisms; bile acids, SCFAs, and proteins also can
influence colonization and resistance to C difficile. Access
to FMT is equivocal across institutions, and establishing
and managing a stool bank is logistically difficult. Further,
most protocols call for stool to be used within 6 hours
following defecation or thawing if frozen.” To date, FMT
is not approved by the US Food and Drug Administration
(FDA) and is used under enforcement discretion.

Beyond quality control issues, there are also safety
concerns. Minor side effects primarily affecting the GI
tract typically resolve in days to weeks and include abdom-
inal discomfort and altered bowel patterns (diarrhea and
constipation).®? Serious side effects are less common;

however, they currently provide the greatest limitation
to FMT therapy.** Of greatest concern is transmission
of infectious agents from donor stool to the recipient.
Accordingly, donor stool requires extensive screening for
multidrug-resistant organisms and enteric pathogens,
although systemic screening for bloodborne infection
should also be done. Most recently, this has included
exclusion of patients with emerging diseases, such as
COVID-19 and monkeypox.®¢ Additionally, individu-
als with comorbid diseases linked to microbiome disrup-
tion, such as obesity, type 2 diabetes mellitus, cancer, and
inflammatory bowel disease, should be excluded.*

Despite extensive screening measures, transmission
of infectious agents from asymptomatic donors during
FMT has been previously reported.®” The FDA recently
reported on 6 patients in whom enteric infections devel-
oped following FMT for rCDI.* These events were related
to improper screening of donor stool.*” These safety con-
cerns and others have been thoroughly addressed by the
FDA.‘)(),91

Outside of infection risks, there are procedural risks
associated with FMT. Instillation of donor stool is com-
monly performed via colonoscopy, which introduces the
risk of bleeding and perforation. Similar risks occur with
endoscopic administration. Patients must be able to safely
undergo these procedures.”

Standardized Microbiota Restoration
Therapies

Despite the therapeutic efficacy of FMT in the treatment
of rCDI, many questions remain unanswered, and large-
scale trials are needed to address these issues. The hetero-
geneity of the current practice is a deterrent to scalability
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and approval of FMT. Many of the risks associated with
EMT are related to the wholesale transfer of stool from
donor to recipient. To address these challenges, standard-
ized MRTs have been developed, allowing for scaling of
therapy and control over the entirety of the transplanted
material. Ideally, these therapeutics will provide improved
mechanistic insight, allowing for more targeted, refined
therapy in the future.

MRTs can be categorized into 3 groups: stool-de-
rived enema-based therapy, stool-derived oral therapies,
and synthetic (nonstool-derived) oral therapies (Table 2).
These therapies standardize the aspects of FMT, leading
to an elimination of the heterogeneity of donor screening,
testing, and stool processing. Many of these therapeu-
tics contain a defined set of bacteria, limiting the broad
untargeted restoration approach seen with FMT. Ideally,
this will provide novel insight into understanding the
mechanisms behind the efficacy of microbiome repletion
in rCDI and prevent many of the safety concerns seen in
EMT. Further, this standardized approach will allow for
scaling of clinical trials to assess the efficacy of microbi-
ome restoration more thoroughly.

Stool-Derived Enema-Based Therapy

The FDA has approved the stool-derived enema-based
therapy fecal microbiota, live-jslm (Rebyota, Rebiotix),
formerly RBX2660, to treat rCDL. Initially, a phase 2 trial
of fecal microbiota, live-jslm assessed participants with 3
or more episodes of CDI but did not reach statistical sig-
nificance between active product and placebo; there were
no differences between 1 and 2 doses.”” A follow-up phase
3 trial enrolled patients with 2 or more episodes of rCDI
treated with standard-of-care antibiotics or patients with
2 or more episodes of severe CDI requiring hospitaliza-
tion. Upon Bayesian analysis (incorporating data from the
phase 2 trial), the phase 3 trial showed statistically signif-
icant resolution of CDI at 8 weeks in patients receiving
the enema MRT, when compared with placebo (70.6%
and 57.5%, 99.1% posterior probability of superiority).”
In both trials, the enema MRT significantly increased
diversity of the fecal microbiome when compared with
baseline measurements, with composition reflecting that
of fecal microbiota, live-jslm. Data demonstrated that
these changes were durable to 24 months after treat-
ment.*®% Safety profiles were similar between placebo and
the enema MRT. Published data suggest similar efficacy.

Stool-Derived Oral Therapies

CP101 (Finch Therapeutics) is a stool-derived oral capsule
made up of a broad consortium of microbiota. A phase 2
trial (PRISM3) enrolled adults who had experienced 3 or
more episodes of CDI or those with 2 or more episodes
of CDI deemed high risk for recurrence (aged 265 years).

All patients had previously received standard-of-care
antibiotics. At both 8 weeks and 24 weeks posttreatment,
CP101 provided a statistically significant improvement in
the prevention of rCDI compared with placebo. Patients
treated with CP101 also showed significantly increased
microbiome diversity when compared with placebo at
week 1, which was sustained at 8 weeks. A follow-up phase
2 trial (PRISM-EXT) found that 80.3% of participants
who received CP101 had absence of rCDI at 8 weeks and
78.8% of participants had absence of rCDI at 24 weeks.
No treatment-related adverse effects were noted.” How-
ever, clinical development has been discontinued.

MET-2 (NuBiyota) is a stool-derived oral capsule
with a consortium of 40 lyophilized commensal bac-
teria species. In a phase 1 trial, patients with 2 or more
episodes of CDI in 12 months following standard oral
antimicrobial therapy were given MET-2. At day 40, 79%
of patients receiving MET-2 did not have rCDI, which
increased to 95% 40 days after receiving a second dose.
There were no serious adverse events or deaths seen in this
trial. At 130 days, 84% of patients did not have rCDI,
suggesting sustained response. Stool analysis showed
increased microbiota diversity and increased abundance
of MET-2—containing bacteria during final analysis when
compared with baseline.”

RBX7455 (Rebiotix) is a stool-derived oral capsule
created from the enema-based fecal microbiota, live-jslm,
in which aliquots of the MRT are freeze dried into oral
capsules. A phase 1 dose de-escalation study included
patients with 2 or more episodes of CDI. At 8 weeks,
rCDI was avoided in 90% of participants in the high-dose
group, 80% of participants in the medium-dose group,
and 100% of patients in the low-dose group. Microbiome
analysis showed that patients demonstrating treatment
response had microbiomes more similar to RBX7455.
RBX7455 also had the added benefit of home adminis-
tration.” A phase 3 trial is currently being planned.

The FDA approved fecal microbiota spores, live-brpk
(Vowst, Seres Therapeutics), formerly SER-109, a stool-de-
rived oral capsule composed of a defined consortium of
Firmicutes spores, for rCDI. This is important as stool-
derived consortia often do not have defined populations of
microbiota, posing future regulatory challenges. Patients
with 3 or more CDI episodes within 9 months were
included in a phase 1 trial. At 8 weeks, 55.9% of patients
receiving the oral MRT had CDI resolution, which was
not significantly different from placebo (46.6%; P=.4).
However, statistical significance was seen when patients
were stratified by age. Assessment of the trial revealed that
dosing was likely suboptimal and asymptomatic patients
were misdiagnosed with the active infection group.”® A
follow-up phase 3 trial using a higher dose than the phase
2 trials targeted patients with 3 or more episodes of CDI
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with the qualifying episode diagnosed with a toxin-based
assay within 9 months. At 8 weeks, 88.9% of the partic-
ipants receiving the oral MRT did not have rCDI when
compared with 58.7% in the placebo group (P<.001).
Bacterial species in fecal microbiota spores, live-brpk were
detected in stool at 1 week, suggesting engraftment. Addi-
tionally, analysis of stool from patients treated with the oral
MRT revealed increased secondary bile acid concentration,
which is known to inhibit C difficile spore germination.”

Synthetic Oral Therapies
SER-262 (Seres Therapeutics) is a synthetic oral capsule
composed of 12 strains of commensal bacteria in spore
form. In a phase 1 trial, patients with 1 prior episode of
CDI or prior resolution of CDI with antibiotic treatment
were included. Although safety of SER-262 was compa-
rable to that of placebo, this trial failed to show any sig-
nificant difference between treatment groups, and clinical
development has been halted.'®

VE303 (Vedanta Biosciences) is a synthetic oral cap-
sule containing 8 live Clostridia species. A phase 2 trial
including patients with prior CDI or their first episode
of CDI at high risk for recurrence (265 years) found
significant reduction in rCDI episodes in 86.2% of par-
ticipants receiving a high dose of VE303 and 54.5% in
the placebo group (P=.007).!%! Phase 1a/b data in healthy
individuals showed VE303 is safe and well-tolerated at
all doses tested. Further, VE303 strains were detected
in stool of participants, suggesting engraftment and
increased microbiota diversity.!® Importantly, the syn-
thetic formulation creates opportunities for global level
scaling of a standardized therapeutic and eliminates reli-
ance on heterogenous donor stool. Additionally, VE303
is produced as a powdered product from bacterial cell
banks that can be easily standardized and scaled. A phase
3 trial is underway.

Future Considerations for Microbiota
Restoration Therapies

When assessing MRTs for rCD], it is important to con-
sider their fit in the current care model for CDI. Currently,
only VE303 and SER-262 have been studied for use fol-
lowing 1 episode of CDI. Five MRTs have been studied
for use following a second episode of CDI: fecal micro-
biota, live-jslm; CP101; VE303; MET-2; and RBX7455.
All the MRTs (FDA approved and in development), with
the exception of SER-262, have been studied for use in
patients following a third recurrence. Future trials sup-
porting the clinical effectiveness and cost-effectiveness of
these novel therapeutics are warranted to further support
the ideologic shift of introducing microbiome restoration
earlier into the treatment of CDI.

LANDSCAPE AND MICROBIOME THERAPEUTICS

Considering route of administration, both oral and
enema/colonoscopy delivery of MRT have been effective
at treating rCDI. Oral administration offers a noninva-
sive, lower-cost option that can be self-administered at
home or in the outpatient setting. Home-based delivery
may also mitigate contagious spread during active infec-
tion. In comparison, enema/colonoscopy delivery allows
for direct intestinal inoculation, limiting precolonic
digestive alterations. However, these routes are more
invasive, potentially requiring sedation, and are associated
with procedural complications such as bowel perforation

and bleeding.

Current Recommendations for Live
Biotherapeutics

Although indications differ by professional society, in
general, FMT is recommended for patients with CDI
or rCDI in whom antibiotic therapy had failed. MRTs
are only indicated for prevention of rCDI in individuals
who have previously completed antibiotic treatment.
The newly FDA-approved MRTs are not indicated for
treatment of active infection, and both FMT and MRT
are not recommended as first-line therapies for initial
episodes of CDI. In addition, no prophylactic options
exist for primary CDI. Given the promising evidence of
MRT in treating rCDI, future studies should explore its
potential to treat initial CDI infections and assess its effi-
cacy as a primary prophylactic agent for CDI, particularly
in high-risk hospitalized patients, such as those who are
receiving high-risk antibiotics, in an immunosuppressed
state, or have a history of CDI. Clinical practice could be
transformed by identifying hospitalized patients at high
risk for CDI and prophylactically restoring gut microbial
diversity using MRT before the risk of CDI increases
during their hospitalization.

Conclusion

CDI and rCDI remain significant challenges in health
care, each significantly contributing to morbidity and
mortality. As the pathophysiology of CDI and rCDI
becomes better characterized, evolution of treatment
paradigms should follow, targeting the underlying gut
microbiome disruption that serves as the nidus for infec-
tion. The emergence of C difficile strains with decreased
susceptibility to vancomycin emphasizes the urgency of
this paradigm shift in CDI treatment. Although resto-
ration of microbial diversity through FMT has emerged
as a promising therapy, it has limitations and notable
risks. Emerging MRTs provide more standardized micro-
bial reconstructions and a potentially safer alternative
to FMT. Results are encouraging for the use of MRT in
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rCDI treatment, with many studies showing significantly
reduced rCDI at 8 weeks and restored gut microbial diver-
sity. Further, many of these changes were sustainable over
time, and safety profiles of MRT were similar to those
of placebo controls. Although current antibiotic therapy
is relatively effective in treating active CDI, the current
care model does not address the dysbiosis underlying the
disease. Use of MRT directly acts on the pathophysiology
of CDI and provides a bright future in the therapeutic
approach to CDI. Going forward, a balanced approach
of antibiotic stewardship, gut microbiome restoration,
and proper infection control will be needed to reduce
the prevalence of CDI. Through incorporation of micro-
biome restoration earlier in treatment, transition from a
reactive model to a more proactive, integrated model can
be leveraged to not only improve patient outcomes, but
also restore gut microbial balance, the sequelae of which
could be remarkably profound.
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