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Abstract

Agents in development for the prevention or treatment of Clostridioides difficile infection can be split into three broad cat-
egories: antibiotics, microbiome restoration, and vaccines. Given the extensive list of agents currently in development, this
narrative review will focus on agents that have progressed into late-stage clinical trials, defined as having a Phase III clinical
trial registered on ClinicalTrials.gov. These agents include one antibiotic (ridinilazole), three live biotherapeutic products
(LBPs) (CP101, RBX2660, and SER109), and two toxoid vaccines (PF06425090 and a second toxoid vaccine). As new
prevention and treatment strategies enter the market, clinicians and administrators will need knowledge of these products to
make rational decisions on how best to adopt them into clinical practice.

Prevention and management of Clostridioides difficile
infection (CDI) includes minimal disruption or restora-
tion of the healthy gut microbiome.

Emerging treatment options for CDI include narrow-
spectrum antibiotics that minimize microbiome disrup-
tion, second-generation microbiome restoration, and
vaccines for primary CDI prevention.

1 Introduction

Clostridioides difficile is an anaerobic, Gram-positive, toxin-
producing, spore-forming bacteria, and the causative organ-
ism of C. difficile infection (CDI). The pathogenesis of CDI
is mediated by two toxins: C. difficile toxins A and B [1].
Toxin A is an enterotoxin that affects gut epithelial integrity
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and stimulates inflammation in the bowel. Toxin B exerts
direct cytotoxic effects on colonic tissues. The inflammatory
response that ensues causes the signs and symptoms associ-
ated with CDI: diarrhea, abdominal pain, leukocytosis, and
pseudomembranous colitis [2, 3]. Since CDI is caused by
a bacteria the standard of care for CDI treatment includes
antibiotic therapy. The necessity of antibiotics in treating
CDI was demonstrated by the failure of tolevamer, a nonan-
tibiotic, toxin-binding polymer, as stand-alone therapy [4].
Accordingly, all CDI treatment regimens continue to rely on
an antibiotic backbone.

One limitation of antibiotics is their inability to kill
spores. C. difficile spores are ubiquitous in the environment
and their ingestion and subsequent germination into vegeta-
tive, toxin-producing cells causes CDI in at-risk hosts [5].
While several antibiotics, including fidaxomicin, CRS3123,
and ramoplanin, have demonstrated the ability to inhibit
C. difficile sporulation and/or adhere to the exosporium
layer of spores, killing vegetative cells as they germinate,
no antibiotic has demonstrated the ability to kill intact spores
[6-10]. The persistence of C. difficile spores following anti-
biotic therapy contributes to CDI recurrence, which occurs
in approximately 15-25% of patients and represents a major
burden in care [11-14]. A strategy to prevent CDI recurrence
has been a focus of new treatment strategies.

C. difficile infection prevention requires a healthy gut
microbiome. An intact, diverse gut microbiome provides
humans with colonization resistance against pathogenic
organisms, including C. difficile [15]. Disruption of the
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microbiota, usually through receipt of antibiotics, allows C.
difficile spores to colonize the gut and germination to toxin-
producing vegetative cells to occur. Thus, an ideal antibiotic
for the treatment of CDI will selectively kill C. difficile while
sparing other species present in the gut, including other
Clostridium species. Intestinal bile acids are also thought to
play a key role in this complex pathophysiology. Briefly, pri-
mary bile acids promote C. difficile spore germination while
secondary bile acids inhibit vegetative C. difficile growth
[16]. Certain bacterial species that populate the healthy gut
microbiome are responsible for transforming primary bile
acids into beneficial secondary bile acids. Thus, dysbiosis
often leads to a reduction in secondary bile acids and an
abundance of primary bile acids. This growing apprecia-
tion for the role of the microbiome has led to an ongoing
search for ultra-narrow-spectrum agents for treating CDI,
paired with strategies to expedite microbiome restoration
following CDI.

Patients remain at risk for CDI for as long as microbiome
dysbiosis persists, and restoration can take up to a year fol-
lowing antibiotic cessation [17]. Additionally, all existing
C. difficile-active antibiotics cause further dysbiosis, albeit
to varying degrees [18-20]. To help restore microbiome
diversity, a variety of microbial-containing products have
been utilized, including probiotics and fecal microbiota
transplantation (FMT). Recently, a new category of live bio-
therapeutic products (LBPs) or “second-generation FMT”
products has been created for the prevention of CDI recur-
rence, which undergo significant screening and processing
to improve their standardization and safety [21, 22]. Notably,
as with traditional FMT, antibiotic therapy is still necessary
prior to therapy with an LBP, and as such, these products
are considered adjunctive therapy in the treatment of CDI.

The CDI developmental pipeline can thus be split into
three broad categories: antibiotics, microbiome therapeutics,
and vaccines. Given the extensive list of agents in develop-
ment across these categories, this narrative review aims to
discuss agents that have progressed into late-stage clinical
trials, which we define as having a Phase III clinical trial
registered on ClinicalTrials.gov.

2 Antibiotics

Clinical practice guidelines have historically recommended
oral vancomycin and/or metronidazole for most patients
[23-26]. However, following the Food and Drug Adminis-
tration (FDA) approval of fidaxomicin in 2011, many clini-
cal practice guidelines have considered fidaxomicin equiva-
lent, if not preferred, to oral vancomycin in most scenarios
[27-31]. Although these three antibiotics serve as the main-
stays of CDI therapy, other antibiotics have also been used
off-label to treat CDI, including bacitracin, nitazoxanide,
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rifaximin, and tigecycline [32]. Of these, only rifaximin and
tigecycline have been included in guideline recommenda-
tions [27-29, 31]. Two antibiotics not available in the USA,
fusidic acid and teicoplanin, have been studied for use in
CDI as well [32]. Lastly, several antibiotics in development
specifically for CDI have notably failed to make it to market,
including cadazolid, LFF571, ramoplanin, and surotomycin
[33].

Fortunately, the developmental pipeline of antibiotics for
CDI continues to develop. Currently, there are six antibiot-
ics undergoing clinical trials in humans with CDI: ridinila-
zole (ongoing Phase III), MGBBP3 (completed Phase II),
CRS3123 (ongoing Phase II), DNV3837/DNV3681 (ongo-
ing Phase II), and ibezapolstat (ongoing Phase II). As it is
the only antibiotic to progress to Phase III clinical trials,
ridinilazole will be discussed in depth below.

2.1 Ridinilazole

Ridinilazole (Summit Therapeutics, Inc.) is a narrow-
spectrum antibiotic that is being developed specifically for
CDI. It has undergone two Phase II trials (ClinicalTrials.
gov identifiers: NCT02092935 and NCT02784002), one of
which has been published [34]. Ridinilazole has also been
compared to vancomycin in two identical Phase III trials
of adults with CDI: Ri-CoDIFy 1 (NCT03595553) and Ri-
CoDIFy 2 (NCT03595566) [35, 36].

In its Phase II trial, patients aged 18-90 years with CDI
were randomized to receive oral ridinilazole 200 mg twice
daily or oral vancomycin 125 mg four times daily for 10
days [34]. Of the 69 patients in the modified intention to
treat (mITT) population, which included only patients
with free C. difficile toxin in their stool as identified via an
enzyme immunoassay (EIA) or a cell culture cytotoxicity
neutralization assay, 50.7% were aged < 65 years, 76.8%
had non-severe CDI, and 87.0% had no history of CDI in
the past year. The primary efficacy endpoint was sustained
clinical response (SCR), defined as clinical cure without
CDI recurrence within 30 days after the end of antibiotic
therapy. In the mITT population, SCR occurred in 66.7%
(24/36) of patients who received ridinilazole and 42.4%
(14/33) of patients who received vancomycin (treatment dif-
ference 21.1%; 90% confidence interval [CI], 3.1-39.1; p =
0.0004). Thus, the investigators deemed ridinilazole superior
to vancomycin.

Since stool samples were collected from patients
enrolled in the Phase II trial at several time-points, a sec-
ondary analysis was performed on patients who provided
at least three stool samples and did not receive standard-
of-care CDI treatment (i.e., fidaxomicin, metronidazole, or
vancomycin) prior to enrollment [37]. Mean alpha diver-
sity measurements, which are used to estimate microbi-
ota richness within a sample, were significantly lower in
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vancomycin- versus ridinilazole-treated patients (n = 22
in each arm). Furthermore, beta diversity measurements,
used to estimate the similarity between samples, suggested
that while gut microbiota diversity at the beginning and
end of vancomycin therapy was significantly different,
the same was not true for ridinilazole. This change in gut
microbiota diversity in vancomycin-treated patients cor-
responded with a significant increase in primary bile acids
and a decrease in secondary bile acids over the 10 days of
treatment [38]. It is hypothesized that this difference in
the propensity for ridinilazole and vancomycin to cause
further gut dysbiosis is the reason for the observed differ-
ence in the rate of SCR in the Phase II trial [37].

Ridinilazole has also been compared to vancomycin
in two identical Phase III trials of adults (Ri-CoDIFy 1
and Ri-CoDIFy 2) [35, 36]. A total of 759 patients aged
> 18 years with CDI between both trials were randomized
to receive either oral ridinilazole 200 mg twice daily or
oral vancomycin 125 mg four times daily for 10 days [39].
Like the Phase II trial, the primary efficacy endpoint was
SCR and only patients with free C. difficile toxin in their
stool were included. Notably, among the mITT population
(n = 745), 56.6% were aged < 65 years, 69.9% had non-
severe CDI, and 82.8% had no history of CDI in the past
year [40]. While the rate of CDI recurrence was lower in
those who received ridinilazole (8.1%) versus vancomycin
(17.3%; p = 0.0002), the study did not meet its primary
endpoint for superiority of SCR. Results from the micro-
biome and bile acid analyses largely mirrored what was
observed in the Phase II trial [37, 38, 40]. Briefly, mean
alpha diversity measurements and the relative abundance
of secondary bile acids were significantly lower in van-
comycin- versus ridinilazole-treated patients at the end
of antibiotic therapy [40]. Treatment-emergent adverse
effects primarily consisted of gastrointestinal adverse
effects such as diarrhea, nausea, and abdominal pain, and
adverse effects leading to the discontinuation of study
treatment was uncommon in both treatment arms (0.8%
vs 2.9% in those who received ridinilazole and vancomy-
cin, respectively). While these results are encouraging, an
additional clinical trial will likely be necessary before the
FDA considers ridinilazole for approval [41].

Recruitment is ongoing for a trial in which ridinila-
zole is being compared to vancomycin in adolescents aged
12-17 years with CDI (Ri-CoDIFy 3 [NCT04802837])
[42]. Notably, this is only the second randomized con-
trolled trial conducted in adolescents with CDI to date
[43]. As the topline results from Ri-CoDIFy 1 and Ri-
CoDIFy 2 suggest that additional trials are needed, it is
unlikely that a new antibiotic for CDI will be available in
the next two years.

3 Live Biotherapeutic Products (LBPs)

A growing appreciation for the role of the microbiome
in the development of and recovery from CDI has led to
increased interest in microbiome-based therapies. Live
biotherapeutic products (LBPs) are defined by the FDA
as non-vaccine biological products that contain live organ-
isms and are applicable to the prevention, treatment, or
cure of a disease or condition in human beings [21]. Live
biotherapeutic products seeking FDA-approval for the
prevention of CDI recurrence include a variety of human
donor-derived products. As the intent of LBPs is to restore
dysbiosis and prevent future CDI episodes, which histori-
cally occur in up to 15-25% of patients, these products are
to be administered following antibiotic therapy as they do
not have antimicrobial activity against C. difficile.

Live biotherapeutic products are unique from previ-
ous microbiome-based strategies, such as probiotics and
FMT. Probiotics, a term broadly used to describe any
live microorganism(s) that confers a health benefit when
administered in adequate amounts, usually refers to foods
or dietary supplements available over the counter and, as
such, are not strictly regulated by the FDA [22, 44, 45].
This has created a landscape in which there are many prod-
ucts available, often with discrepancies between labeled
and actual contents, including a critical lack of viable
microorganisms [46]. Accordingly, many of the studies
analyzing the use of probiotics as primary or secondary
prevention of CDI are of low-quality and have failed to
demonstrate a consistent benefit [47-49]. Clinical practice
guidelines therefore do not recommend the use of probiot-
ics in the management of CDI [30, 31, 50].

Fecal microbiota transplantation refers to the admin-
istration of healthy donor stool to a diseased host’s intes-
tinal tract via enema, colonoscopy, sigmoidoscopy, or
nasogastric tube, and faces similar limitations due to its
unstandardized nature [51, 52]. Sources of donor stool
have ranged from a family member or friend with some
degree of survey-based health screening to stool banks that
conduct rigorous laboratory screening and provide accom-
panying stool characterization. Although the stool may be
diluted with a liquid, like saline, there is minimal to no
manipulation or processing prior to administration. The
FDA regulation of FMT has varied since its development
for modern use in the early 2000s, although at present,
it is considered a biological product recommended to be
administered under an investigational new drug applica-
tion [53, 54]. There is robust evidence demonstrating the
benefit of FMT in treating multiply recurrent or refractory
CD], and it is recommended in such cases in all major clin-
ical practice guidelines [30, 31, 50, 55]. However, safety
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concerns have arisen over the past five years due to the
transmission of multi-drug—resistant bacteria and poten-
tially other pathogenic organisms, underscoring the need
for standardization and comprehensive product screening
[56, 57]. In contrast to LBPs, FMT still generally refers to
the procedure rather than a specific product and is consid-
ered a treatment during acute infection rather than solely
for the prevention of recurrence.

Live biotherapeutic products are, by definition, FDA-reg-
ulated as drugs and therefore their contents must be highly
standardized and produced using good manufacturing prac-
tices [21]. Additionally, rigorous clinical trials meeting FDA
standards and demonstrating both safety and efficacy will be
required prior to approval. There are three LBPs that are in
the process of recruiting for or have completed Phase III tri-
als; each will be briefly discussed here. Of note, much of the
information regarding these three agents remains proprietary
and unavailable for inclusion in this review. Details of each
product are also available in Table 1.

3.1 CP101

CP101 (Finch Therapeutics) is an oral capsule compris-
ing lyophilized healthy donor stool [58, 59]. Following
collection and screening from individual donors, the stool
is processed, and the resulting material is lyophilized by
mixing it with a 5% trehalose solution cryoprotectant prior
to encapsulation [59]. The dosing regimen uniquely only
requires a one-time dose of one capsule, without any need
for bowel preparation. CP101 has completed and presented
results from two Phase II trials: PRISM3 (NCT03110133)
[60-62] and PRISM-EXT (NCT03497806) [63, 64], which
is an extension trial including those patients experiencing
recurrence in PRISM3. Enrollment for a Phase III trial,
PRISM4 (NCT05153499)[65], began in late 2021, but was
halted by the FDA in Spring 2022 due to updated Severe
Acute Respiratory Syndrome Coronavirus (SARS-CoV)-
2-related donor screening and manufacturing requirements,
enrollment restarted in late 2022 [66, 67].

Early studies of CP101 focused on refining its formula-
tion and establishing a dose in patients with 4-5 CDI recur-
rences [58, 59]. CP101 prevented 8-week CDI recurrence in
87.8% (43/49) of patients in a proof-of-concept study with a
dosing protocol that evolved from using ~ 2.5 x 10'? bacteria
contained in 24-27 capsules to ~ 2.1 to 2.5 x 10'! bacteria
in 2-3 capsules [68]. Phase II trials proceeded with dosing
of one capsule with ~ 6 x 10'! bacterial cells [62]. PRISM3
enrolled 198 patients aged > 65 years with their first CDI
recurrence or of any age with > 2 recurrences [60]. Patients
receiving CP101 had a higher rate of sustained clinical cure
at 8 weeks, defined as absence of recurrence, versus placebo
(74.5% [76/102] vs 61.5% [59/96]; p = 0.049), therefore
meeting the trial’s primary efficacy endpoint. An increased
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alpha diversity in CP101 recipients compared to placebo
was observed within 1 week of administration (p < 0.001)
and this difference persisted through 8 weeks (p < 0.0001).
The PRISM-EXT open-label extension trial observed a
similar 8-week success rate of 80.3% (106/132) amongst
its participants that were either directly enrolled (n = 82)
or experienced CDI recurrence in either arm from PRISM3
(n =50) [63]. Among those patients receiving a second dose
of CP101 following recurrence in PRISM3, 70% (14/20)
experienced 8-week treatment success and no safety con-
cerns were noted [64]. Efficacy and safety have been
reported from PRISM3 for up to 24 weeks of follow-up,
with 73.5% and 59.4% (p = 0.0347) of CP101 and placebo
participants, respectively, experiencing sustained clinical
cure through week 24 [61].

3.2 RBX2660 (Rebyota)

RBX2660 (Rebyota) (Ferring Pharmaceuticals/Rebiotix,
Inc.) is a microbiota suspension created from healthy donor
stool to be administered as an enema [69-71]. Following a
survey-based health screening and repeated infectious dis-
eases blood and stool screenings, samples from individual
donors are collected, pooled, and suspended in polyethylene
glycol 3350 to create a single dose of RBX2660 containing
> 107 of live organisms/mL and 50 g of human stool/150
mL 0.9% saline. Each product undergoes a minimum
14-day quarantine in which repeated testing occurs prior to
releasing each individual product. No bowel preparation is
required prior to enema installation, but a washout period of
24-72 h is needed following the final CDI antibiotic dose.
RBX2660 has completed a Phase III trial (PUNCH CD3;
NCT03244644) [72] and the FDA approved RBX2660 for
the prevention of CDI recurrence in individuals aged > 18
years following antibiotic treatment for recurrent CDI on
November 30, 2022 [73]. An additional, open-label Phase
I trial (PUNCH CD3-OLS; NCT03931941) targeting inclu-
sion of a more diverse and real-world patient population is
also currently enrolling patients [74, 75].

RBX2660 has completed three Phase II trials:
PUNCH CD (NCT01925417) [69], PUNCH Open Label
(NCT02589847) [71], and PUNCH CD2 (NCT02299570)
[76]. PUNCH CD was an open-label, non-comparative
trial, demonstrating the safety and efficacy of RBX2660
in preventing CDI recurrence in 87.1% (27/31) of patients
receiving two doses of RBX2660 in the 8 weeks follow-
ing administration [69]. This was followed by the PUNCH
Open Label trial. which compared patients receiving up
to two doses of RBX2660 with a historical control group
receiving antibiotics alone [71]. The primary efficacy
endpoint of 8-week treatment success was met in 78.9%
(112/142) of the RBX2660 cohort versus 30.7% (23/75)
of the historical control group (p < 0.0001). RBX2660
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responders were followed for an additional 24 months, at
which time 90.7% (88/97) had not experienced another
CDI episode. A final double-blinded, placebo-controlled,
dose-ranging Phase II trial, PUNCH CD2, enrolled 89
patients who were randomized to receive two doses of
RBX2660 given 7 days apart, one dose of RBX2660 fol-
lowed by placebo 7 days later, or two doses of placebo
given 7 days apart [76]. Although the primary efficacy
endpoint of 8-week treatment success in participants
receiving two doses of RBX2660 (60.9% [25/41]) ver-
sus two doses of placebo (45.5% [20/44]) was not met
(p > 0.05), one dose of RBX2660 (66.7% [28/42]) dem-
onstrated superiority over placebo (45.5% [20/44]; p =
0.048). Although the reason for the failure of two doses
versus placebo is unknown, the investigators noted 13
participants were declared failures prior to receiving the
second dose of either RBX2660 (n = 5) or placebo (n =
8), which was permitted to be administered sooner than 7
days after the first dose if patients experienced continued
symptoms [76]. This may have prematurely assigned some
patients as failures who would have responded to a sec-
ond dose, thereby decreasing power to detect a difference
between two doses and placebo.

Given these results, the Phase III trial was designed using
a single dose of RBX2660 [72]. PUNCH CD3 is a rand-
omized, double-blinded, placebo-controlled trial in which
262 patients with at least one CDI recurrence were rand-
omized to receive RBX2660 or placebo. Treatment success
at 8-weeks post-dose was observed in 71.2% (126/177) of
RBX2660 recipients and 62.4% (53/85) of placebo recipients
in the mITT population. However, due to recruiting diffi-
culties associated with the COVID-19 pandemic, the FDA
allowed the use of a Bayesian analysis to assess the primary
endpoint of 8-week treatment success that incorporated
patients receiving one dose of RBX2660 from the PUNCH
CD2 trial and patients from the PUNCH CD3 trial. This a
priori analysis demonstrated a model-estimated treatment
success rate of 70.6% with RBX2660 versus 57.5% with
placebo (estimated treatment effect, 13.1%) and a posterior
probability of superiority of 99.1%, exceeding the 97.5%
threshold that was chosen [72]. Rates of adverse events were
similar between RBX2660 and placebo through 6-month
follow-up, and there were no severe adverse events deemed
related to RBX2660 or its rectal administration. Interim
results from the PUNCH CD3-OLS Phase III trial, which
includes patients with irritable bowel disease and irrita-
ble bowel syndrome, showed safety and efficacy in a real-
world population with 75% (45/60) of patients experiencing
8-week treatment success [74]. Of the 27 patients without
recurrence who reached the 6-month follow-up period,
74.1% (n = 20) remained CDI-free. Treatment success rates
across all five Phase II and III trials, including a total of
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629 patients receiving RBX2660, have ranged from 50 to
79% [75].

Multiple secondary analyses from Phase II and III trials
have also been published showcasing a range of additional
benefits associated with RBX2660. Several analyses have
demonstrated beneficial microbiome changes in patients
responding to RBX2660 that were absent in those patients
who responded to placebo [77-81]. RBX2660-responders
displayed post-treatment microbiome profiles more similar
to that of RBX2660, with a predominance of Bacteroidia and
Clostridia classes, while the microbiome profiles of placebo-
responders did not differ from their pre-treatment profile
[78]. Alpha diversity increased in both the RBX2660 and
placebo groups without CDI recurrence [79]. Additionally,
healthier bile acid compositions were observed in patients
who received RBX2660 in PUNCH CD3 [81, 82]. Specifi-
cally, a decrease in primary bile acids, responsible for spore
germination, and increases in secondary bile acids, which
inhibit vegetative C. difficile growth, were observed after
treatment. These findings suggest a recovery of the gut
microbiome and subsequent restoration of bile acid home-
ostasis, which provides a mechanistic explanation for the
higher treatment success rates observed in RBX2660-treated
patients. In the PUNCH CD, CD2, and CD3 trials, RBX2660
was also associated with decreased antimicrobial resistance
(AMR) gene content for at least 6 months following admin-
istration [77, 79, 83]. Vancomycin-resistant Enterococcus
(VRE) stool colonization was specifically assessed in the
PUNCH CD study, where 72.7% (8/11) of patients who
tested positive for VRE prior to RBX2660 receipt converted
to negative following therapy [84]. These additional inves-
tigations highlight the broader benefit of CDI management
that includes a microbiome restoration strategy.

3.3 SER109

SER109 (Seres Therapeutics, Inc.) is an oral capsule com-
posed of live, purified Firmicutes bacterial spores derived
from healthy donor stool, which were chosen based on their
ability to metabolically compete with C. difficile for essen-
tial nutrients and/or modulate bile-acid profiles to reestab-
lish colonization resistance [8§5-87]. SER109 is given as
a regimen of four capsules once daily for 3 days, totaling
~ 3 % 107 spore colony-forming units. This is the only prod-
uct discussed in this review that requires the administra-
tion of a bowel regimen consisting of 10 mg magnesium
citrate given the night prior to the first dose to minimize
presence of any residual CDI-active antibiotics [87]. The
manufacturing process includes an ethanol-based, spore
purification step intended to reduce the risk of transmission
of other pathogens [85]. SER109 has completed Phase II
(ECOSPOR; NCT02437487) [86] and Phase III (ECOSPOR
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IIT; NCT03183128)[87] trials, and has preliminary results
from its open-label (ECOSPOR 1V; NCT03183141) trial of
those experiencing recurrence following SER109 receipt in
ECOSPOR 1II [88, 89]. The manufacturer filed a BLA with
the FDA in September 2022, which was assigned a priority
review designation with a Prescription Drug User Fee Act
(PDUFA) action date set as April 26, 2023 [90, 91].

In its dose-finding Phase Ib trial, up to 15 SER109 cap-
sules per day were administered to patients with > 3 epi-
sodes of CDI in the prior 12 months [85]. The primary end-
point, prevention of recurrence during the 8-week follow-up,
was achieved in 86.7% (26/30) of patients. Additionally,
16S rRNA sequencing analysis demonstrated a sustained
increase in microbiome diversity, including expansion of
the Firmicutes and amplification of other beneficial phyla
not contained in SER109, such as the Bacteroidetes, through
24 weeks post-administration. In ECOSPOR, 89 patients
were enrolled and randomized in a 2:1 ratio to receive four
capsules (~ 1 x 108 spores) of SER109 given one time or
placebo [86]. SER109 failed to establish superiority over
placebo as 44.1% (26/59) versus 53.3% (16/30) of patients
receiving SER109 and placebo, respectively, experienced
8-week CDI recurrence (risk ratio (RR), 1.22; 95% CI,
0.79-1.88) [86]. A benefit was still observed in a preplanned
subgroup analysis of those aged > 65 years, in which 45.2%
of patients receiving SER109 experienced recurrence versus
80% of those receiving placebo (RR, 1.8; 95% CI 1.1-2.8).
Earlier engraftment, defined as the presence of SER109 spe-
cies, was also associated with the prevention of recurrence
(p < 0.05) and increased secondary bile acid concentra-
tions (p < 0.0001). The failure to establish superiority in
the overall cohort was attributed to the use of polymerase
chain reaction (PCR) testing, leading to over enrollment of
C. difficile-colonized patients, and underdosing of SER109.

To remedy these issues, ECOSPOR III used an increased
dose of four SER109 capsules given once daily for 3 days
and required a positive toxin assay for study entry [87].
Although enrollment of 188 patients was planned, the trial
ended early with a sample size of 182 patients due to the
coronavirus disease 2019 (COVID-19) pandemic. Of those,
88.6% (78/89) in the SER109 and 60.2% (56/93) in the pla-
cebo group experienced 8-week sustained clinical cure (p <
0.001); SER109 was superior to placebo in preventing CDI
recurrence and was associated with a 0.32 relative risk (95%
CI 0.18-0.58) of recurrent CDI. Although the numbers of
Firmicute species increased in both SER109 and placebo
recipients who did not experience recurrence, the num-
ber of SER109 species was higher among those receiving
SER109 through Week 8. Additionally, although similar at
baseline, there were higher concentrations of secondary bile
acids in SER109 versus placebo recipients at all time points
through Week 8. The overall rate of 8-week sustained clini-
cal cure was 91.3% (240/263) in the open-label ECOSPOR

IV extension trial, with similar SER109 response rates in
those with one prior CDI recurrence (93.5%; 72/77) or two
or more prior recurrences (90.3%, 168/186) [89]. No safety
concerns were noted through 24 weeks post-dose in any
clinical trials of SER109 [85-87, 89].

4 Approaches to CDI Prevention

As with any disease, prevention is the best medicine. Given
the pathogenesis of CDI, two logical methods to prevent
CDI would be to prevent or limit the infiltration of C. dif-
ficile toxins into the gut epithelium and the ensuing inflam-
matory response and/or to prevent the destruction of the
healthy gut microbiome. The former is addressed through
use of bezlotoxumab, a monoclonal antibody targeting C.
difficile toxin B that was approved by the FDA in 2016 for
the prevention of CDI recurrence in at-risk patients. Bezlo-
toxumab is administered as a one-time infusion, and as a
form of passive immunity, it remains in the colon for several
months (half-life of 19 days) and neutralizes toxin B during
the highest-risk period of recurrence [92]. However, once
bezlotoxumab is excreted, the patient is no longer protected.
Thus, vaccination, a form of active immunity, is an attrac-
tive preventative option. Two vaccines have completed Phase
III trials and are discussed in more depth below. Two addi-
tional vaccine candidates, VLA84 (Valneva Austria GmbH;
NCT02316470) [93] and GSK2904545A (GlaxoSmithKline;
NCT04026009) [94], are in early-stage clinical trials, but
they will not be discussed in depth.

The second approach, preventing dysbiosis, requires
more nuance as dysbiosis is often an unwanted conse-
quence of antibiotic use. Therefore, we must preserve the
intended effects of the antibiotic while preventing collat-
eral damage. Unique strategies in development to prevent
dysbiosis include ribaxamase (Synthetic Biologics, Inc.;
NCT02563106), which is a p-lactamase used to inac-
tivate B-lactams in the gut, and DAV132 (Da Volterra;
NCT03710694), which is an activated charcoal product that
prevents dysbiosis by binding to antibiotics, included non-f-
lactams, in the colon [95, 96]. However, neither is currently
being studied in Phase III clinical trials for CDI prevention
and a full discussion of these agents is beyond the scope of
this review.

4.1 PF06425090

PF06425090 (Pfizer Inc.) is a bivalent toxoid vaccine that
contains detoxified versions of both toxin A and toxin B of
C. difficile. It has undergone both Phase IT (NCT02561195)
and Phase IIT (NCT03090191) clinical trials [97, 98].

In its Phase II trial, patients were randomized in a 3:3:1
ratio to receive two different doses of PF06425090 or
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placebo in two different dosing regimens [97]. In all, 855
healthy adults aged 65 to 85 years were randomized, and the
primary efficacy endpoint was serum toxin A and B neutral-
izing antibodies measured at 37 days or 7 months depending
on the dosing regimen. Of the patients who were randomized
to receive the dosing regimen chosen for Phase III clinical
trials (200 mcg at 0, 1, and 6 months), 95.6% achieved the
prespecified threshold level of toxin A neutralizing antibody
compared to 1.9% of patients who received placebo. Further-
more, 87.3% and 7.5% of patients achieved the prespecified
threshold level of toxin B neutralizing antibody in the vac-
cine and placebo groups, respectively.

In the Phase III CLOVER Trial, PF06425090 was com-
pared to placebo in patients aged >50 years who received
systemic antibiotics in the previous 12 weeks or were at an
increased risk of future contact with the healthcare system
[98]. Investigators randomized patients to PF06425090 (n =
8766) or placebo (n = 8769) and compared rates of CDI that
occurred >14 days following dose two or three and within
three years following dose three [15]. Vaccine efficacy after
dose two and three was calculated to be 28.6% (96.4% CI
— 28.4 to 61.0%) and 31% (96.4% CI —38.7 to 66.6%),
respectively. Notably, the final analysis was performed
after only 42 CDIs had occurred, which highlights the dif-
ficulty in designing a study with enough power to detect a
difference between groups should one exist. According to a
press release, the trial did not meet its pre-specified primary
endpoint, although the full results have not been published
[99]. Pre-specified secondary outcomes included medically
attended CDI and CDI duration. While 11/25 patients sought
medical attention for CDI in the placebo group, 0/17 patients
sought medical attention for CDI in the vaccine group. Addi-
tionally, the median CDI duration was numerically shorter
in the vaccine group (1 vs 4 days). No unanticipated safety
concerns were identified. These findings are encouraging
and may influence future study methodology decisions in
this arena.

4.2 Unnamed, Bivalent Toxoid Vaccine

A second vaccine candidate (Sanofi Pasteur) has undergone
both Phase II (NCT01230957) and III (NCT01887912) clini-
cal trials [100, 101]. This vaccine is also a bivalent toxoid
vaccine that contains formalin-inactivated C. difficile toxin
A and toxin B.

In its Phase II trial, patients aged 40-75 years with
impending hospitalization within 60 days of enrollment
or current or impending residence in a long-term care
facility or rehabilitation facility were included. A total
of 661 patients were randomized to receive two different
doses of the vaccine or placebo with or without an alu-
minum hydroxide (AIOH) adjuvant in three different dos-
ing regimens [100]. The primary efficacy endpoint was the
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proportion of patients who achieved a prespecified serum
toxin A and B neutralizing antibody threshold measured
at 60 days after the first dose of vaccine. Of the patients
in the per protocol population who were randomized to
receive the dosing regimen chosen for Phase III clinical
trials (100 mcg [toxin A and toxin B in a 3:2 ratio] with
an AIOH adjuvant at 0, 7, and 30 days), seroconversion
rates for toxin A and B were 97% and 92%, respectively,
compared to 7.9% and 13.2% in the placebo group.

In the Phase III Cdiffense trial, the vaccine was com-
pared to placebo in patients aged > 50 years with at least
two previous hospital stays (each > 24 h in duration) and
systemic antibiotic receipt in the previous 12 months or
who were anticipating a hospitalization for > 72 h for a
variety of pre-specified elective surgeries within 60 days
of enrollment [101]. Investigators randomized patients in
a 2:1 ratio to receive the vaccine (n = 6201) or placebo
(n =3101) and compared rates of CDI developing within
3 years following dose three, as diagnosed by PCR or by
visually observing pseudomembranous colitis by colonos-
copy. Among the mITT population, which included all
patients who received at least one injection, 50 patients
were diagnosed with CDI: 34/6173 patients in the vaccine
group and 16/3085 patients in the placebo group. This cor-
responded to a rate of 0.29 infections per 100 person-years
and 0.28 infections per 100 person-years, respectively, and
a vaccine efficacy of — 5.2% (95% CI — 10.4 to 43.5%).
The independent data monitoring committee subsequently
recommended that the study be terminated for futility.

5 Conclusion

The diversity in approaches to CDI management continues
to grow with our understanding of CDI pathogenesis and
the multiple factors contributing to its development. One
LBP has been approved by the FDA and another has filed
for approval at the time of this writing, representing an
exciting new compliment to existing antibiotic therapies.
Ultra-narrow—spectrum antibiotics and vaccines are also in
development, but appear to be further from approval. The
availability of several antibiotics, a monoclonal antibody,
and LBPs will create a future in which clinicians will be
faced with several competing strategies to treat CDI and
prevent CDI recurrence.
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