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Abstract

Clostridioides difficile (C. difficile) is a gram-positive, anaerobic spore-forming
bacterium and a major cause of antibiotic-associated diarrhea. Humans are
naturally resistant to C. difficile infection (CDI) owing to the protection provided
by healthy gut microbiota. When the gut microbiota is disturbed, C. difficile can
colonize, produce toxins, and manifest clinical symptoms, ranging from
asymptomatic diarrhea and colitis to death. Despite the steady-if not rising-
prevalence of CDI, it will certainly become more problematic in a world of
antibiotic overuse and the post-antibiotic era. C. difficile is naturally resistant to
most of the currently used antibiotics as it uses multiple resistance mechanisms.
Therefore, current CDI treatment regimens are extremely limited to only a few
antibiotics, which include vancomycin, fidaxomicin, and metronidazole.
Therefore, one of the main challenges experienced by the scientific community is
the development of alternative approaches to control and treat CDI. In this
Frontier article, we collectively summarize recent advances in alternative
treatment approaches for CDI. Over the past few years, several studies have
reported on natural product-derived compounds, drug repurposing, high-
throughput library screening, phage therapy, and fecal microbiota tran-
splantation. We also include an update on vaccine development, pre- and pro-
biotics for CDI, and toxin antidote approaches. These measures tackle CDI at
every stage of disease pathology via multiple mechanisms. We also discuss the
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gaps and concerns in these developments. The next epidemic of CDI is not a
matter of if but a matter of when. Therefore, being well-equipped with a collection
of alternative therapeutics is necessary and should be prioritized.

Key Words: Bacteriophage; Pharmaceutical; Clostridioides difficile; Alternative therapy;
Drug resistance; Fecal microbiota

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Clostridioides difficile is considered a threat to public health owing to
increases in treatment failure over the past few years. Current antibiotic treatment
options are highly limited. Therefore, alternative strategies are critical. Herein, we
review recent advances in alternative therapeutics, including the development of new
chemical entities, fecal microbiota transplantation, pre- and pro-biotic, antitoxin
antibodies, use of bacteriophages, and vaccines. We also highlight the concerns,
limitations, and directions for each of these developments.

Citation: Phanchana M, Harnvoravongchai P, Wongkuna S, Phetruen T, Phothichaisri W,
Panturat S, Pipatthana M, Charoensutthivarakul S, Chankhamhaengdecha S, Janvilisri T.
Frontiers in antibiotic alternatives for Clostridioides difficile infection. World J Gastroenterol
2021; 27(42): 7210-7232

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7210.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7210

INTRODUCTION

Clostridioides difficile (C. difficile) is a gram-positive, spore-forming, toxin-producing,
rod-shaped anaerobic bacterium. C. difficile infection (CDI) is a leading cause of
nosocomial infections in several countries. The source of C. difficile still remains
debatable. Studies have proposed that C. difficile was part of the human gut
commensal bacterial community, as the bacterium could often be isolated from
neonates[1,2]. The pathogenicity of C. difficile was believed to be attributed to its toxin-
production properties; however, recent developments have suggested that outgrowth
and colonization are also a pivotal feature of pathogenicity. Under normal conditions,
when the gut microbiota is in balance, in a stage called “eubiosis”, C. difficile can
neither multiply nor colonize the gut, thus preventing it from causing disease. On the
other hand, when the composition of the gut microbiota is altered from its normal
state, so-called “dysbiosis” occurs, which allows C. difficile to multiply and colonize[3,
4]. Once colonized, C. difficile can produce up to 3 toxins, i.e., toxin A (TcdA), toxin B
(TcdB), and binary toxin (CDT). The first two are prominent virulent factors, whilst the
latter is controversial[5-7]. The binary toxin is believed to enhance the toxicity and
pathogenicity of the primary toxins; however, only a few reports have shown that
PCR-negative, but CDT-positive, TcdA and TcdB can cause CDI[8,9]. Details of the
pathogenesis of C. difficile can be found in reviews elsewhere[5,7,10,11].

CDI is one of the most prominent causes of healthcare-associated infections (HAI).
In the United States and European countries, C. difficile has been ranked among the top
10 causes of HAI[12]. The challenges of CDI control and prevention are intrinsic drug
resistance and environmental resistant spore of C. difficile. To date, CDI treatment with
most antibiotics has generally resulted in failure. Use of certain antibiotics, such as
clindamycin, cephalosporins, quinolones, and penicillins reportedly increased the risk
of CDI[13]. Since these antibiotics are broad-spectrum and deplete other gut
microbiota that inhibit C. difficile multiplication[13], the use of such antibiotics
increases CDI risk. To the best of our knowledge, some classes of antibiotics do not
increase the risk of CDI, including tetracyclines and aminoglycosides[14]. The
antibiotics currently used to treat CDI are vancomycin and fidaxomicin, whereas
metronidazole is the antibiotic of choice only when the first two are not available[15].
Along with treatment, prevention is a good control strategy for CDI in most settings.
Multiple strategies are being implemented to reduce the rate of CDI, e.g., case
management, infrastructure, and antibiotic stewardship, in hospitals[16]. To make all
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these control measures meaningful, monitoring of C. difficile situations is necessary to
ensure that C. difficile does not develop resistance to current antibiotics, which would
threaten the control and treatment of CDI. There has been an increase in the number of
fatal cases of CDI in the past decade[17]. In most countries, a national surveillance
system for CDI is still lacking, resulting in under-represented cases of CDI.

Current antibiotic options seem to have reduced efficacy. Recent CDI treatment
guidelines have moved away from metronidazole because its efficacy has reduced
from 95% pre-2000 to 75% since[15]. A similar reduction has been observed for
vancomycin, from 98% to 85%[15]. The increases in recurrent episodes of CDI have
reflected the failure of current antibiotics to sustain positive treatment outcomes[18].
Therefore, there is a critical need to develop alternative treatment approaches for CDI
(Figure 1). In fact, several alternative approaches are under development, and some
are more advanced than others. The development of new antibiotics is the most active
research field. Fecal microbiota transplantation (FMT), including pre/probiotic
approaches, has also gained extensive research interest in the past few years, as
evidenced by several clinical trial registrations. Phage therapy, antitoxin antibody, and
vaccines are trying to catch up with others in the league. Notably, there is one
antitoxin antibody, bezlotoxumab, approved for preventing the recurrence of C.
difficile by the United States Food and Drug Administration (FDA), in 2016.

We explored the developments that are currently in the pipeline for alternative
therapies by examining data from the ClinicalTrials website. Several trials are invest-
igating current antibiotics for CDI but in various aspects, most commonly in
conjunction with FMT or pre/probiotic or antitoxin antibodies. Several molecular
entities, such as nitazoxanide, are under investigation. Based on this insight, we
extrapolated that the developing treatment options aim to treat/prevent recurrent CDI
rather than the initial episode of CDI. Interestingly, currently no trials have been
reported on bacteriophage therapy, despite this technology having been active since
the early 1990s[19], and its therapeutic application having been demonstrated in other
pathogenic bacteria[20]. This indicates that some complexities underline the
technology.

SMALL MOLECULES TAKE THE LEAD IN CDI TREATMENT DEVELO-
PMENT

In the realm of drug discovery and development, small molecules dominate the
pharmacy shelf, irrespective of the sources of the small molecules, e.g., natural
product-derived/inspired or (semi-)synthetics. According to the United States FDA
database, small molecules account for most approved drugs. Regarding the nature and
pathogenesis of C. difficile, the drugs used to treat CDI have a specific set of
requirements, although no target product profiles have been proposed. We believe
that the community consensus for the expected properties of the CDI drugs is that they
could effectively kill vegetative and spore stages with low systemic absorption (high
colonic concentration)[21,22]. Currently in clinical trials, several candidate compounds
are being investigated for the development of CDI drugs. Petrosillo ef al[23] have
published a comprehensive review on the development of small molecules for CDI
drugs.

Cadazolid is a synthetic oxazolidinone, a derivative of linezolid, which was
developed for CDI and also exhibited potency against other enterococci[24]. Cadazolid
exhibits good clearance of C. difficile with sub-mM MIC and limited effects on other
gut microorganisms[25]. Its mechanism of action is protein synthesis inhibition by
binding to peptidyl transferase center (PTC). Although cadazolid shares similar
mechanism to linezolid, cadazolid is active against linezolid-resistant C. difficile[24].
The results from phase 3 clinical trials of cadazolid demonstrated a comparable clinical
cure to vancomycin, good safety profile and well tolerated. However, it did not show
non-inferiority to vancomycin, which subsequently resulted in the discontinuation of
the development by the developer.

Nitazoxanide is an FDA-approved drug with an indication for treatments of crypto-
sporidiosis and giardiasis. At the millimolar range, this drug inhibited multiple gram-
negative and gram-positive anaerobic bacteria, e.g., Bacteroides spp., Prevotella spp., C.
difficile, C. perfringens and Mycobacterium tuberculosis[26]. The mechanism of action of
nitazoxanide has been suggested to involve the inhibition of pyruvate ferredoxin
oxidoreductase (PFOR) in anaerobic energy metabolism[27] and the disruption of
membrane potential in aerobic bacteria[28]. In addition, studies have shown that
nitazoxanide is effective against various RNA and DNA viruses including coronavirus
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[29] and SARS-CoV-2[30]. The result of an early phase-3 trial have suggested that the
effectiveness of nitazoxanide is comparable to that of vancomycin, although
noninferiority to vancomycin is inconclusive owing to small sample size and early
termination[31]. Hence, the mechanism of action of nitazoxanide compared with
current CDI treatments is anticipated from other ongoing trials because of the high
expectations for nitazoxanide in the treatment of recurrent CDI[32].

Ridinilazole (SMT19969) is an antibiotic developed specifically for CDI. It exhibits
good anticlostridial activity, with different magnitude, against multiple Clostridium
spp. and also C. difficile with minimal effect to other gut microbiome[33,34] and bile
acid profiles[35]. The mechanism of action of ridinilazole is believed to be unique from
that of other drugs. It does not interfere with cell division by inhibiting cell wall
synthesis; it does so by decreasing septum formation[36]. Ridinilazole has a low
systemic absorption and, therefore, has a high colonic concentration, making it a good
agent for CDI treatment[34]. The results obtained from a phase-2 clinical trial
demonstrated sustained clinical response with ridinilazole treatment, noninferiority
over vancomycin, and good tolerance[37]. These results altogether support further
development of ridinilazole for clinical use. Phase-3 clinical trials are ongoing.

Advancements in technology and compound libraries has helped considerably in
screening thousands of compounds, and has been made possible within a much
shorter time. In the past few decades, several FDA-approved drugs were initially
screened from large compound libraries through phenotypic screening[38]. A recent
analysis showed that more than 16 million compounds can be purchased from various
chemical suppliers[39]. This extends our opportunity to discover even more hits for
drug discovery and development.
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Apart from a rationally designed drug approach or large library screening, one
recent popular drug development approach is drug repurposing or repositioning. The
approach is regarded as a shortcut for a lengthy conventional drug development
pipeline, as safety and pharmacokinetic data are readily available, which allows the
compounds to proceed directly into clinical trials. Many works have demonstrated
approved drugs can be repurposed for C. difficile[40,41]. The screening of both random
compound libraries and approved drugs has become a very intriguing approach for
drug development in the past years. Several studies conducted using this approach
have been published[30,40,41]. However, if the route of administration is different
from the approved indication, preclinical stages are necessary to evaluate the safety
profile[42].

We examined the molecular similarity among the FDA-approved drugs from
screening campaigns mentioned in this paper[40,43]. Molecular clustering of these
drugs will help us predict a key biomolecular pathway or target the hits interact with
or act upon. Molecular analysis was performed using the KNIME Analytics Platform,
free and open-source software, aiming to solve large-data analysis problems[44].
KNIME offers an extensive toolset for data pre-processing and transformation as well
as visualization and it can be equipped with extensions and nodes that are suitable for
pharmaceutical research. We employed KNIME 4.1.2 equipped with various
extensions, including RDKit KNIME integration, KNIME Distance Matrix Extension,
and KNIME-CDK to create our workflow[45,46]. The workflow of the molecular
analysis of the hits is shown in Scheme 1 of the supplement file.

The results shown in Table 1 and Supplementary material revealed that those hits
can be categorized structurally into two large clusters and six smaller clusters based on
molecular clustering analysis (> 3 hits per cluster). The largest group of clusters
belongs to the B-lactam antibiotics (clusters 88-97, Supplementary material in SI) and
the second largest is the tetracycline and its derivatives (clusters 98-99, Supplementary
material in SI). Although these drugs are well-known antibiotics and are expected to
exert some biological activity against C. difficile, the clinical use of these materials
might not be of best interest since they are broad-spectrum antibiotics that could cause
concern in gut microbiota dysbiosis and may drive an undesired side-effect of
antibiotic resistance elsewhere in the body[47]. Other known antibiotics, such as
aminoglycosides (cluster 123) and benzalkoniums cationic surfactant (cluster 61)
which could be used topically as antiseptic were also identified.

Interestingly, metronidazole, one of the current treatments for C. difficile, and its
derivatives (cluster 42) also show up as one cluster. Further exploration in this
chemical moiety seems a way forward to avoid cross-resistance with current
antibiotics as the drugs within this class exert their biological activity through the
formation of nitroso radical. The mechanism that causes microbial DNA damage is not
related to a certain enzyme and, therefore, makes it more challenging for the bacteria
to develop resistance. Antifungal imidazoles were identified in another interesting
cluster (cluster 21). These drugs act as an inhibitor of lanosterol 14a-demethylase,
which catalyzes the formation of ergosterol, an important sterol found in eukaryotic
cell membranes[48]. Although the mechanism of this class of drugs in C. difficile is not
known, the result may prompt scientists to investigate the potential of these materials
further, since these azoles are not currently in use as antibiotics, and it could avoid
unwanted antibiotic cross-resistance with other current drugs[40,43]. Furthermore,
most of the drugs identified from the FDA-approved panels resulted in drugs with
anthelmintic (parasitic) indication[40]. It is possible that these parasites share a similar
anaerobic/microaerophilic environment, and to some extent anaerobic metabolism, to
that of C. difficile, thereby allowing those drugs to be active against C. difficile. It would
be very interesting to observe whether this hypothesis remains valid when more
screenings are performed. Although several drugs and lead compounds have been
identified in the literature, only a few have been put forward into the development
pipeline. This is largely due to the lack of academic and industrial partnerships. We
have seen what the scientific community has achieved, in an unprecedented time scale,
with the development of COVID-19 vaccines with the leading role of big pharma-
ceutical companies and their academic partners. This emphasizes the importance of
academic-industrial partnerships in drug and vaccine developments, as this field of
research is resource-intensive and requires considerable funding and workforce.
Nevertheless, non-profit organizations can play an important role in drug discovery
and development as well evidenced by the approval of anti-tubercular pretomanid,
which was led by the TB Alliance[49].
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Table 1 Representatives of anti-Clostridioides difficile chemical clusters from reported literature

Cluster No.

Compound class

21

42

61

88-97

98-99

123

Antifungal imidazoles
Metronidazole and its derivatives
Benzalkonium cationic surfactants
B-lactams

Tetracycline and its derivatives

Aminoglycosides

Jaishideng®

NATURAL PRODUCTS SERVE AS A GOOD SOURCE OF ANTI-
CLOSTRIDIAL ACTIVITIES

Humans have been using natural products as traditional medicine for treating several
illnesses for centuries. It has been estimated that approximately 500000 plant species
exist on the planet, but only 1% of them have been explored for bioactive compounds
[50]. A detailed analysis of FDA-approved drugs from 1931 to 2013 revealed that
natural products and their derivatives represented over 30% of new drugs[51]. Due to
the increasing prevalence of antibiotic resistance in several pathogenic bacteria, the
prescribed antibiotics may no longer be effective. Therefore, exploration of plant-
derived compounds could provide us a tremendous opportunity to discover novel
bioactive agents.

Several plant extracts and plant-derived compounds possess antibacterial activity
against C. difficile and their action has been investigated previously. Roshan et al[52]
reported the anti-C. difficile activities of natural products that are commercially
available as both processed and unprocessed products. Some processed products such
as aloe vera gel, peppermint oil, artichoke capsules, and garlic tablets demonstrated
antimicrobial activity against C. difficile with MICs of 16% (v/v), 8% (v/v), 75-150
mg/mL, and 37.5-75 mg/mL, respectively[52]. Regarding the unprocessed products,
allicin (derived from garlic) and cinnamon powder demonstrated antimicrobial
activity against C. difficile with MICs of 2.3-4.7 and 75 mg/mL, respectively. Zingerone
(derived from ginger) and menthol (derived from peppermint) inhibited C. difficile at
the same inhibition concentration of 9.4 mg/mL, whereas trans-cinnamaldehyde, an
active constituent found in cinnamon bark, exhibited strong inhibitory activity with an
MIC of 0.2 mg/mL[52]. §-3-Carene, a monoterpene derived from the root of Asarum
heterotropoides, exhibited anticlostridial activity with an MIC of 0.7 mg/mL with a less
potential of suppressing beneficial intestinal bacteria[53]. Moreover, an essential oil
extract that contains 16.5% of d-3-carene exhibited antimicrobial activity against C.
difficile at a concentration of 0.25% (v/v)[54]. Xanthohumol, derived from Humulus
lupulus L., exhibited anti-C. difficile activity with MICs of 0.032-0.107 mg/mL against
28 different C. difficile isolates[55]. Crude methanol extract of the bark of Mammen
africana demonstrated anti-C. difficile activity with an MIC of 2 ug/mL. The identified
active flavonic compound in M. africana, mammeisin or mammea A/AA, exhibited
strong inhibitory activity with an MIC of 0.25 pg/mL[56]. Curcumin (phenol), an
active agent derived from Curcuma longa, is reportedly active against 27 C. difficile
strains, with MICs ranging between 16 and 32 pg/mL. The inhibition was specific to C.
difficile as it did not affect beneficial gut microbiota[57]. Curcumin was also able to
reduce sporulation and toxin production in C. difficile[57].

Several studies have reported that the anticlostridial activity of crude plant extracts
contain unidentified active compounds. For instance, pomegranate extract was shown
to exhibit specific inhibitory activity against 23 tested isolates of C. difficile with MICs
of 12.5-25 pug/mL, but no inhibitory effect was observed on the tested normal
intestinal bacteria (MIC > 400 png/mL)[58]. Investigation of a commercial animal
supplement, BIOCITRO, a citrus fruit extract, revealed an inhibitory effect on C.
difficile with MICs of 16-32 pg/mL with a possible mode of action of disrupting
polysaccharides and carbohydrates of the cell wall[59]. In addition, methanolic extract
of the leaf and rhizomes of Aristolochia paucinervis Pomel demonstrated an inhibitory
effect on C. difficile, with concentrations ranging from 8 to 64 ng/mL[60].

Several compounds are known to kill C. difficile through changes in cell
permeability. The ability of membrane disruption was suggested for zingerone,
menthol, and trans-cinnamaldehyde[61]. Asiatic acid, an active triterpenoid derived
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from Centella asiatica, exhibited significant antimicrobial activity against C. difficile
strains isolated from different sources by disrupting the cytoplasmic membrane with
MICs of 10-20 pg/mL[62]. Lauric acid, an active component found in virgin coconut
oil, exhibited anticlostridial activity at a 250-pmol/L concentration through the
membrane disruption mechanism[63]. Cannabidiol, an active ingredient derived from
cannabis, could inhibit C. difficile at concentrations of 2-4 pg/mL, possibly by
disrupting the bacterial membrane[64]. Another study of cannabidiol in caco-2 cells
infected with C. difficile reported its potential to inhibit toxin A-induced cytotoxicity
[65]. Interestingly, data analysis of hospitalization from the Healthcare Cost and
Utilization Project in 2014 suggested that patients associated with cannabis usage had
potentially lower risk for CDI by 28%[66].

The dormant spores of C. difficile contribute to transmission and link with the
pathogenesis of CDI. C. difficile spores can persist in harsh conditions. They can then
translocate to the intestinal tract, germinate in response to specific bile salts, and
initiate infection. Most antibiotics are inactive against C. difficile spores because of the
spores’ intrinsic durability. In addition to vegetative cell activity, natural products are
active against several spore stages of C. difficile. Peppermint oil and trans-cinnamal-
dehyde have been shown to exhibit sporicidal activity, which reduces the number of
spores by up to 200 times when spores were exposed for 7 d[67]. Several compounds
such as allicin and carvacrol, essential oils found in oregano, and fresh onion bulb
extracts could inhibit spore outgrowth[67,68]. As C. difficile spores play an essential
role in CD], the inhibition of sporulation is an attractive strategy to reduce infection. A
study conducted by Roshan et al[67] showed that the subinhibitory concentration of
coconut oil, fresh onion bulb, and fresh ginger can reduce the number of spores
production by 90%. Another study conducted on Manuka honey or Leptospermum
honey also reported the inhibition of sporulation in C. difficile[69]. Baicalin, a flavonoid
derivative present in the root of Scutellaria baicalensis, could inhibit both sporulation
and outgrowth of C. difficile at a concentration of 1.6 mmol/L. It also reduced toxin
production by downregulating tcdA and tcdB gene expression[70]. Toxin A and toxin B
produced by C. difficile are cytotoxic and cause colitis. Leptospermum honey, fresh
onion bulb, and trans-cinnamaldehyde were able to reduce the cytotoxicity of C.
difficile toxins in Vero cells by 70% and toxin production by 40%[71].

In an in vivo mouse model, it was observed that berberine, a compound derived
from the genus Berberis, has the potential to prevent recurrent CDI and restore gut
community, either alone or in combination with vancomycin[72]. It is noteworthy that
successful therapy by endoscopic lavage with Manuka honey was reported in the
patient with vancomycin treatment failure[73].

ANTITOXIN ANTIBODIES WITH ANTIBIOTICS IMPROVE TREATMENT
SUSTAINABILITY

Toxin production has long been associated with CDI pathogenicity. Classical antibiotic
treatments effectively eliminate the pathogen, although they inevitably affect the
normal gut microbiota to some extent. Antitoxin antibody treatment aims to neutralize
the toxicity of the toxin, rather than interfere directly with the bacterium. Therefore, it
can reduce clinical severity, in conjunction with antibiotic treatment, and reduce
recurrent CDI. To date, the only FDA-approved antitoxin antibody for CDI treatment
is bezlotoxumab, a human monoclonal antibody against toxin B. A detailed study
demonstrated that bezlotoxumab binds to carbohydrate-binding pockets on toxin B,
which directly prevents the interaction between the toxin and host cells[74]. This
hypothesis was supported by a mutant antibody that does not bind to Fc receptors of
host immune cells, which provides similar toxin neutralization and protection effects
as wild-type antibody[75]. Its toxin A counterpart, actoxumab, did not demonstrate
improvement in clinical efficacy, and therefore it was discontinued during the phase 3
trial[76]. These results support the hypothesis that TcdB is a more prominent virulent
factor than other toxins and that the interplay between these toxins is a complex
process.

IM-01 is an experimental polyclonal antibody for inflammatory bowel disease,
including Crohn’s disease, and CDI. IM-01 is produced using a chicken egg technique
by immunizing hens with toxin A, toxin B, and C. difficile spores. Currently, detailed
information on this intervention is lacking, but its phase 2 clinical trial is being
recruited. The results from patent filing showed good antibody production, toxin
neutralization, reduction of spore burden, and inhibition of vegetative cell growth[77].
These results indicate that IM-01 is a promising development for CDI treatment;
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however, it is too early to state whether it would work effectively independently or in
combination with antibiotics.

Colostrum is a fluid produced by the mammary glands immediately after the birth
of a newborn. It has been demonstrated that cows persistently injected with antigens
will produce antibodies in the colostrum, which are collectively referred to as
hyperimmune bovine colostrum (HBC). A preclinical piglet model study showed that
HBC can reduce the severity of CDI[78]. A limitation of using colostrum is the scale of
production, which is limited to a few hours after birth. Therefore, some studies have
examined the use of milk or whey protein isolate (WPI) instead of colostrum for CDI
treatment. WPI exhibited superior and sustained treatment outcome compared with
vancomycin in a hamster model[79]. Considering its clinical use, we found only one
terminated phase 2 trial, which was completed, but there were no results, of the whey
protein concentrate MucoMilk.

Altogether, antitoxin antibodies in any form appear to be a significant candidate for
alternative treatment of CDI, since preclinical studies have demonstrated good
inhibition of vegetative cells and spores and neutralization effect of toxins in initial
and recurrent episodes of CDI. Nonetheless, it will take some time to observe this
group of treatments for clinical use, as production is more complicated and potentially
expensive.

FECAL MICROBIOTA TRANSPLANT IS A VERY ATTRACTIVE APPROACH
FOR CDI

Although antibiotic administration is the first-line treatment for CDI, severe outbreaks
and recurrent episodes remain excessive due to a significant increase in resistant
strains[80]. Treatment options for CDI, especially recurrent CDI, become limited, due
to which the development of alternative therapeutics is highly required. In particular,
CDI develops when the indigenous microbiota is dysbiotic, typically via exposure to
antibiotics, thereby allowing C. difficile to acquire nutrient niches in the gut and cause
disease[13,81]. Based on this concept, restoration of the healthy microbial community,
eubiosis, can help eliminate and prevent this growing problem. To date, researchers
have expressed interest in biotherapeutic strategies that confer curative effects on
recurrences. A burgeoning alternative treatment approach for recurrent CDI is FMT,
which refers to the administration of feces collected from a healthy individual to the
intestinal tract of a patient[82,83]. In general, FMT is applied to a patient with
refractory CDI who had failed standard antibiotic treatments in an initial episode of
CDI[84]. This approach emerged due to its unique feature, restoring the balance of the
gut microbiota, which is unlikely to be achieved by other approaches. FMT provides
multiple mechanisms of colonization resistance, such as competition for nutrients,
production of antimicrobial peptides, and production of short-chain fatty acids
(SCFAs) to inhibit vegetative growth and spore germination of C. difficile[85,86].

The first clinical trial of FMT, whose efficacy was significantly greater than the use
of antibiotics for recurrent CDI treatment, was performed by van Nood et al[87] and
published in 2013. Among the 16 patients, 13 with FMT recovered from CDI after the
first infusion and the symptoms of 2 patients resolved after a second infusion, whereas
only 3 of 13 patients resolved with vancomycin treatment alone. Other clinical studies
have demonstrated that FMT provides better benefits than standard antibiotics for
treating recurrent CDI by replenishing the balance of the gut microbiota. Currently,
clinical studies are ongoing with the recruitment of patients with relapsing CDI to
evaluate the safety and efficacy of FMT (Table 2). The upper and lower route of
administration has been used in delivering the transplant. Several methods, including
nasoduodenal, enema, upper endoscopy, colonoscopy, and oral capsules, are
commonly used for administering FMT, with diverse outcomes[88]. A study using
colonoscopy demonstrated the resolution of CDI in 18 of 20 patients treated with FMT
compared with 5 of 19 patients treated with vancomycin[89]. Conversely, FMT
administered by enema was found to have a low success rate in treating acute
episodes of recurrent CDI[90]. To simplify administration, oral capsules of fecal
filtrates have been developed and widely used. Patients with relapsing CDI had a
decent response to FMT administered by oral capsules, wherein the resolution rate of
recurrent CDI was similar to that observed with colonoscopy[91]. These findings
demonstrated no definite preference of the administration route for FMT.

Another factor questioned in FMT is the preparation of fecal material. Initially, fresh
stools from donors were used for infusion. As the process of collecting fresh stools is
difficult, frozen and lyophilized stools were then considered for transplant delivery.
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Table 2 Recent clinical trials examining potential fecal microbiota transplantation for treatment of Clostridioides difficile infection

Current . ClinicalTrials.gov :
Title o g First posted

phase Identifier

NA Fecal microbiota transplantation for C. difficile infection NCT01905709 July 23, 2013
Immune response to FMT for C. difficile NCT02797288 June 13, 2016
Outcomes and data collection for fecal microbiota transplantation for the treatment of NCT03562741 June 19, 2018
recurrent C. difficile
Fecal microbiota transplantation (FMT) for C. difficile (CEFTA) NCT03712722 October 1, 2018
Rescue fecal microbiota transplantation for national refractory intestinal infection NCT03895593 March 29, 2019
Safety and efficacy of fecal microbiota transplantation NCT04014413 July 10, 2019

1 Fecal transplant for pediatric patients who have recurrent C. difficile infection (FMT) NCT02134392 May 9, 2014

2 Stool transplants to treat refractory C. difficile NCT02127398 April 30, 2014
FMT versus antimicrobials for initial treatment of recurrent CDI NCT02255305 October 2, 2014
Fecal microbiota therapy for recurrent C. difficile infection NCT02686645 February 19,

2016
Phase II trial of fecal microbiota transplant (FMT) for VRE and CRE patients NCT03643887 August 23, 2018
Fecal microbiota transplantation (FMT) plus fidaxomicin for severe of fulminant C. difficile NCT03760484 November 30,
2018

Multicentre blinded comparison of lyophilized sterile fecal filtrate to lyophilized fecal NCT03806803 January 16,
microbiota transplant in recurrent C. difficile infection 2019
FMT and bezltoxumab compared to FMT and placebo for patients with IBD and CDI (ICON- NCT03829475 February 4,
2) 2019
PMT for severe-CDI NCT03970200 May 31, 2019
Penn microbiome therapy (PMT) for recurrent C. difficile infection NCT03973697 June 4, 2019

3 Fecal transplantation for primary C. difficile infection (COLONIZE) NCT03796650 January 8, 2019
Microbiota restoration therapy for recurrent C. difficile infection (PUNCH CD3-OLS) (CD3- NCT03931941 April 30, 2019
OLS)
Fecal microbiota transplantation for primary C. difficile diarrhea NCT02801656 June 16, 2016

FMT: Fecal microbiota transplantation; C. difficile: Clostridioides difficile; PMT: Penn microbiome therapy.

Jaishideng®

Several clinical trials claimed that frozen stool was comparable to fresh stool with no
loss of effectiveness[92,93]. In contrast, lyophilization reduced the efficacy of the
transplant material compared with fresh and frozen materials[94]. In particular, frozen
fecal material is becoming available for commercial purchase. In addition to its use for
treating multiple episodes of recurrent CDI, FMT has been proposed as a promising
treatment approach for severe and complicated CDI. Evidence obtained from clinical
trials has shown that FMT improved survival in severe cases, including immunocom-
promised patients[95,96].

Although FMT is a favorable therapeutic option for recurrent CDI, a major concern
is that there is no universal or industrial standard such as a defined bacterial formula;
moreover, there is no information on the mechanism associated with FMT-screening
methods for adverse transmission events and the period of treatment[97,98]. Such
limitations of FMT led to the discovery of beneficial microorganisms in fecal materials
that activate colonization resistance and the determination of their roles in inhibiting
C. difficile. Correspondingly, the refined stool-derived microbial suspension RBX2660
has been successfully used to treat relapsing CDI, and is currently under a phase 2b
study[99]; furthermore, SER-109 and SER-262, defined microbial preparations
containing spore-forming bacteria purified from human feces and formulated as a
capsule, are currently being investigated in a phase 3 and 1b trial[100,101]. These data
conclude that FMT continues to be a recommended therapy for recurrent CDI, and in
the meantime, a number of studies continue identifying essential bacteria species from
the feces of healthy donors to formulate standard microbial preparations approved by
the FDA.
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Another point of concern for FMT is the unintentional transfer of drug-resistant
bacteria, which could possibly lead to complicated infection and death. There have
been multiple bacteremia incidents in patients who received FMT[102], some of which
were severe and life-threatening. This indicates the need for a standardized protocol
for stool preparation, to minimize potential drug-resistant bacterial infection from
FMT, including, but not limited to, extended-spectrum beta-lactamase (EBSL)-
producing E. coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, etc.[103]. Recently, a
caution has been issued regarding the transmission of SARS-CoV-2 in FMT[104].

PROBIOTICS AND PROBIOTIC PROMOTE GUT BALANCING

Probiotics are live microorganisms that confer health benefits on the host when
administered in adequate amounts[105,106]. They can improve host immunity by
producing beneficial metabolites, such as SCFAs, as well as preventing enteric
infections via colonization resistance mechanisms, such as competition for nutrients,
inhibition of bile acid conversion, and production of antimicrobial peptides[107,108].
Numerous probiotic strains and probiotic mixtures have been evaluated to combat
CDI in in vitro studies; however, there are limitations due to the lack of evidence from
human clinical trials.

Lactobacillus rhamnosus GG and Saccharomyces boulardii, the most common probiotics,
have provided promising applications against CDI and have been widely investigated
in clinical trials. The efficacy of S. boulardii in CDI management was first examined by
McFarland et al[109], who reported a significant reduction in recurrence rates after the
administration of S. boulardii twice a day for 4 wk during and after antibiotic
treatment. Their study demonstrated a significant reduction in the CDI recurrence rate
in the S. boulardii treatment group compared with the placebo group. Moreover,
patients with relapsing CDI had a statistically significant response to S. boulardii
compared with placebo. The probiotic effect of L. rhamnosus GG in a clinical study was
first verified by Gorbach et al[110], in 1987. They successfully used the organism to
treat 5 patients with multiple recurrent CDI episodes. In addition to its beneficial
effects in treating refractory CDI, L. rhamnosus GG displayed a protective potential in
healthy individuals[111]. Further meta-analytical studies have been performed to
confirm the usefulness of S. boulardii and L. rhamnosus GG in the prevention of CDI
[112,113]. In addition to single-probiotic strains, probiotic mixtures have been
developed for quite some time. The probiotic mixture BioK+ containing L. acidophilus
CL1285, L. rhamnosus CL2, and L. casei LBC80R was able successfully to reduce the CDI
rate from 18.0 to 2.3 cases per 10000 patients. Furthermore, new mixtures have been
developed and are in the process of clinical trials[114]. The probiotic mixture of L. casei
DN-114 001, S. thermophilus, and L. bulgaricus was randomly administered to hospital
inpatients twice-daily during, and for 1 wk after, antibiotic treatment[115]. This
probiotic mixture showed a positive result, wherein no individual in the probiotic
group developed CDI compared with 9 of 53 individuals who contracted CDI in the
placebo group. Another study evaluated the efficacy of the probiotic mixture of L.
acidophilus and L. casei[116]. The probiotic doses were varied and administered within
1.5 d of initial antibiotic therapy and then continued for 5 d after the final antibiotic
dose. Both higher dose and lower dose probiotic groups showed significantly reduced
CDI incidence rates, at 1.2% and 9.4%, respectively, compared with 23.8% in the
placebo group. The most recent clinical trial of a multi-strain probiotic consisting of L.
acidophilus NCFM, ATCC700396, L. paracasei Lcp-37, ATCC SD5275, Bifidobacterium
lactis Bi-07, ATCC SC5220, and B. lactis B1-04, ATCC SD5219 has been conducted[117].
A phase 2 study evaluated the potential benefits of this probiotic mixture by adminis-
tration daily for 4 wk. The results revealed a shorter duration of diarrhea in patients
with an initial episode of mild-to-moderate CDI compared with the placebo group.
Based on the available evidence, probiotics are strongly advocated as an alternative for
preventing and treating CDI. However, the high heterogeneity in existing studies
indicates that the beneficial effects of probiotics are rather subjective[118]. Therefore,
discovering novel probiotics and understanding their functions and interactions have
been continuing to improve the probiotic effects in a clinical setting.

It is known that diet has a key influence on the composition and functions of the gut
microbiota[119]. Several types of fiber, particularly, galacto-oligosaccharides (GOS)
and fructo-oligosaccharides (FOS), have been found to increase the abundance of
common probiotic bacteria, such as Bifidobacterium and Lactobacillus species[120].
Hence, plant-based foods containing dietary fiber are generally accepted as favorable
for gut health. Certain fiber types, including FOS, GOS, and inulin, are considered to
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be prebiotics, which are defined as substrates that are selectively used by host microor-
ganisms conferring a health benefit[121]. The combination of probiotics and prebiotics
has been proposed as an alternative, known as synbiotics, to prevent and treat
refractory CDI. A recent study investigated the effects of a synbiotic, L. plantarum DSM
21379 and xylitol, on the germination of C. difficile spores[122]. In vitro experiments
demonstrated that the synbiotic completely inhibited the germination of C. difficile
spores. Moreover, the administration of this synbiotic for 5-6 d before ampicillin and
C. difficile challenge in mice reduced the CDI incidence from 44% to 22% mortality.
Another in vitro study examined the inhibitory capability of four different Bifidobac-
terium sp. strains combined with various prebiotics against C. difficile growth. Using
oligo-fructosaccharides as a carbon source, it was observed that B. longum and B. breve
rescued the survival of a cell line exposed to C. difficile cell-free supernatant. These
findings indicate that a probiotic strain requires a specific prebiotic substrate. To
produce more effective synbiotics to control CDI, it is necessary to determine the
optimal prebiotic for each probiotic.

BACTERIOPHAGE AND ITS PRODUCTS SPECIFICALLY ELIMINATE C.
DIFFICILE

As bacteria-infecting viruses, bacteriophages or phages have received attention for
potential use as an alternative treatment for several bacterial infections. The high
specificity to their bacterial hosts and the self-replicating mechanism of phages are
claimed to have advantages over other approaches. Although C. difficile phages have
been discovered and investigated since 1983[123], the use of phages for human
infection is restricted due to some limitations. The key bacteriophage studies of C.
difficile are summarized in Table 3.

C. difficile phages were first described for bacterial typing purposes[123]. Morpho-
logical analysis showed that most of them are either Myoviridae or Siphoviridae,
belonging to the order Caudovirales. They possess dsDNA as their genetic materials
[124,125]. Currently, all 26 complete genomes of C. difficile phages are characterized as
temperate; they can alternate their life cycles between lytic and lysogenic cycles[126,
127]. This is a major constraint, as most therapeutic phage applications require a
virulent phage, i.e., a phage with a strictly lytic life cycle. Therefore, current research
has been focusing on the use of temperate phage and phage-derived proteins to
combat CDI[128-131]. At the very beginning, phage therapy was performed as a
single-phage treatment to ensure its capacity. It has been demonstrated that phiCD27
significantly reduced the growth of C. difficile cells, as well as the production of toxin A
and toxin B in an in vitro batch fermentation and artificial gut model. Furthermore,
phiCD27 treatment did not affect commensal microbiota in both models, suggesting
high specificity on the bacterial target[132]. However, using only one phage has some
limitations due to narrow host range and lysogenic capacity. Therefore, a combination
of different phages or phage cocktails has become more intriguing[133-135].

A phage cocktail was successfully developed both in vitro and in vivo, as observed in
the study conducted by Nale et al[134]. Optimized cocktails of phiCDHM1 to
phiCDHMBS6 and phiCDHSI were tested against C. difficile ribotypes 076, 014/020, and
027 strains. The best combination included phiCDHM 1, 2, 4, and 6, which could
completely kill C. difficile without regrowth. The CDI hamster model showed a
significantly lower number of spores in the cecum and colon with the combination of
phiCDHM 1, 2, 5, and 6. The same phage mixture was used in the wax moth larva
Galleria mellonella. The efficiency of using phage combined with antibiotics, including
vancomycin and clindamycin, was evaluated. The results suggested that phage could
be used as a supplement to antibiotic treatment and prevent the onset of CDI.
Prophylaxis was the most effective therapy with 100% protection, and efficiency was
reduced when used as a remedial treatment. Moreover, the authors found that the
phage could penetrate and prevent biofilm formation in the C. difficile ribotype
014/020[136]. Phage treatment in an artificial gut model was further investigated using
these sets of phage combinations. A six-log reduction in C. difficile growth was
observed after 5 h in the prophylaxis group, and the vegetative cells were completely
removed within 24 h[136]. Furthermore, metagenomic analysis was conducted using
fecal samples of volunteers to observe the impact of phage therapy on the total gut
microbiome. Another in vitro study conducted on the human colonic cell line HT-29,
which is the CDI site, reported that phiCDHS1 preferentially adsorbed onto HT-29
cells, thereby promoting the interaction between the phage and bacterial cells[137]. It
has also been shown that either bacterial lysis by phage or the phage itself was
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Table 3 Key experiments in bacteriophage for Clostridioides difficile infection treatment

Phage Experiment Finding Ref.
phiCD140 A single dose of phage treatment for C. difficile infection in Surviving of phage treated hamster [135]
hamsters
phiCD27 Phage treatment of CDI in an in vitro batch fermentation and (1) Reduction of both vegetative cell and toxin A and toxin  [135]
human colon model B productions from C. difficile; and (2) No impact on others
gut microbes
phiCDHMI to (1) Investigation for an effective phage combination; and (2) (1) Discovery of phage-resistant colonies after a single [124]
phiCDHMS6, and Phage delivered orally in hamster model every 8 h after C. phage treatment; and (2) Reduction of C. difficile amount
phiCDHS1 difficile challenge and colonization using phage combination in vivo
phiCDHM], 2, 5, (1) Phage treatment before and after the biofilm formation; (2) (1) Reduction and prevention of the biofilm establishment  [130]
and 6 First time using Galleria mellonella (wax moth) model for C. in vitro; and (2) Disease prevention in the prophylaxis
difficile phage; and (3) Using phage in combination with group and increasing the wax moth survival rates
antibiotics (vancomycin)
phiCDHM], 2, 5, (1) Optimized temperate phage cocktail to treat in batch (1) C. difficile elimination after 24 h in prophylactic [127]
and 6 fermentation model; and (2) First metagenomic analysis of condition while maintain other microbiota components;
phage treatment on gut microbiome and (2) No significant impact on other bacterial groups in
human gut
phiCDHS1 Measurement of planktonic and adhered C. difficile cells and (1) Reduction of planktonic and adhered C. difficile; and (2)  [129]
free phage to human colon tumorigenic cell line HT-29 No cytotoxicity to human cells
phiCD24-2 (1) Using engineered phage delivered Type 1-B CRISPR (1) C. difficile eradication effectively in engineered phage [125]

system as antimicrobial agent in vitro and in vivo; and (2)
Mutation of phage lysogenic gene by the cI repressor and
integrase gene deletion

comparing with wild-type phage; and (2) Detection of
lysogen due to potentially functional complements from C.
difficile prophage

C. difficile: Clostridioides difficile.

nontoxic to the colonic cells.

Recently, phiCD24-2 has been engineered to contain a genome targeting CRISPR-
Cas3, which is commonly found in the genome of C. difficile[135]. The major character-
istics of the engineered phage or CRISPR-enhanced phage (crPhage) have been invest-
igated. There was no difference in phage morphology or host range compared with the
wild-type phage (wtPhage). The efficiency of phage treatment for C. difficile was
determined both in vitro and in vivo. crPhage demonstrated a higher efficiency to
reduce the growth of vegetative cells than wtPhage in both models. However, the
bacterial number rebounded by 24 h, suggesting lysogination into the host genome
rather than bacterial lysis. The mouse model exhibited a significant difference in the
number of C. difficile cells recovered from mouse feces between wtPhage and crPhage
treatments, indicating the superiority of crPhage treatment in vivo. The CRISPR
approach enhances phage efficiency during the lytic cycle as bacterial lysis can occur
via two independent mechanisms, including genome damage and phage lytic activity
via endolysin and holin expression. The challenge of engineered phages remains due
to lysogenic conversion. Therefore, the removal of cl repressor and integrase genes
was performed to generate lysogenic phage mutants[135]. Although lysogen from in
vitro culture was not detected, it was detectable in mouse feces. These findings
suggested the functional complement in the C. difficile genome for those removed
genes.

An alternative to using temperate phages for therapeutic purposes is to utilize their
products. Endolysin, a peptidoglycan hydrolase enzyme, is encoded by the phage
genome. Endolysin is required to disrupt the bacterial cell wall to release phage
progeny at the final step of viral infection. The endolysin CD27L is derived from the
phage CD27, which is the first phage endolysin characterized in C. difficile. The
specificity test demonstrated that CD27L was active against a panel of 30 C. difficile
strains, including a hypervirulent ribotype 027[125]. The N-terminal truncated CD27L,
CD27L,_,,, improved the lytic activity when tested against C. difficile. CD27L,_
exhibited a slightly broader lytic range than the full-length phage. It was also active
against Listeria spp. However, both CD27L and CD27L,_,,, did not harm the selected
gut commensal bacteria[130]. Another endolysin retrieved from C. difficile 630
prophage has been described. The lytic activity of full-length PlyCD, and that of a
truncated N-terminal containing the catalytic domain PlyCD,_,,, were evaluated.
Similar to CD27L, the truncated PlyCD, ,,, exhibited greater lytic activity than its full-
length counterpart and also displayed a broader activity range against C. difficile
strains than the full-length PlyCD. The bactericidal assay demonstrated that PlyCD,_,,,
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reduced more than 4-log growth of the C. difficile hypervirulent MLST2 strains 217B,
615H, and UK1 (027). This result highlighted the potency of PlyCD,,,, against the
crucial clinical strains. Interestingly, PlyCD,_,,, exhibited a synergistic effect with
vancomycin pretreatment. The combination treatment between vancomycin and
PlyCD,_,,,in vivo demonstrated significant inhibition of C. difficile growth (> 2-log).
Unfortunately, the in vivo study of PlyCD,_,, was unsuccessful due to inconsistent
results. Ex vivo experiments were conducted using infected mouse cecum and anus as
an infecting area. PlyCD,_,,, exhibited 2-log reduction of C. difficile cell growth,
indicating the activity of PlyCD,_,in the gastrointestinal environment[131]. The
mechanism by which truncated endolysins exhibit higher efficiency than the wild-type
counterpart remains to be explored.

Phage-derived proteins with high specificity to C. difficile strains could be developed
for targeted therapy. Diffiocin, a contractile R-type phage tail-like bacteriocin, was
originally derived from the C. difficile strain CD4 (Diffiocin-4). This protein exhibits a
higher efficiency when fused with the receptor-binding protein (RBP) of prophage
phi027 in the genome of strain R20291 (Av-CD291.1 and Av-CD291.2). Interestingly,
avidocin is stably active throughout the mouse gastrointestinal tract when supplied in
drinking water containing 4% sucrose and 1% sodium bicarbonate. The specificity of
avidocin-CDs was evaluated across C. difficile strains, based on which the relationship
between RBPs in avidocin-CDs construct and slpA allele was concluded[129]. Despite
the advances in the knowledge of bacteriophage biology, the use of phage for
therapeutic purposes remains much of a challenge. The first challenge is lysogenic
conversion, which results in ineffective treatment outcomes. Therefore, the remaining
challenge is to identify or engineer the phage to obtain a strictly lytic phage. The
subsequent concern is the battle between the host and the phage that occurs during
phage infection. Some bacteria naturally mutate and become resistant to phage
infection using different mechanisms, e.g., extracellular modification or intracellular
modification, as mentioned in a review elsewhere[138]. Still, there is room for lytic
phage hunters and phage modification, which are desperately needed. However, to
apply this technology effectively in clinical practice, further research is warranted to
overcome these limitations.

ILEOSTOMY AND COLONIC LAVAGE ARE RESERVED FOR FULMINANT
CDI

At the other end of the spectrum, one alternative treatment is the removal of part of
the gut, i.e., colectomy, ileostomy, loop ileostomy, and colonic lavage. This treatment
approach is largely reserved for severe and complicated (fulminant) CDI as it is the
most invasive treatment. Earlier, colectomy was opted, but it did not improve the
clinical outcome, resulting in some mortality[139]. Diverting loop ileostomy and
colonic lavage were developed at the Pittsburgh School of Medicine and therefore
referred to as the Pittsburgh protocol. This protocol exhibited benefits over conven-
tional colectomy and end ileostomy, which decreased the mortality rate and preserved
the colon[140]. We found 2 clinical trials that were terminated due to slow recruitment
of participants; hence, there is limited insight into how this method confers benefit to
patients with CDI. This indicates to some degree that the current treatment regimen is
sufficient to save patients’ lives without involving this invasive intervention.

VACCINES ARE THE HOPE FOR CDI CONTROL AND PREVENTION

Current treatment approaches for CDI concentrate primarily on antibiotics. Although
antibiotic administration commonly serves as the first-line therapy, prolonged
disruption of the normal microbiota can result in recurrent CDI, with incidences of up
to 45% after antibiotic therapy[141]. The incidence of healthcare-associated CDI has
reduced over time, although there have been recent reports on the growing number of
cases of community-associated CDI[142]. Therefore, there exists an urgent need to
control and prevent CDI transmission. To date, several preventive remedies for
recurrent CDI have been proposed, including antibiotics and FMT. Although their
efficacy has been proven, none are recommended by the Infectious Disease Society of
America (IDSA), and the protracted efficacy is still questionable. Therefore, vaccines
could be a valuable option to serve as long-term prophylaxis for CDI due to their
memory function.
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Several vaccine candidates have been developed and launched to animal and
clinical trials. Currently, a total of 21 clinical trials on C. difficile vaccines have been
reported, of which 3 were terminated. Most of the vaccine studies have been
developed based on 3 formulations, viz., toxoid, recombinant peptide, and surface-
associated antigen. In this section, we shall briefly describe each vaccine formulation
regarding its development and efficacy in preventing CDI.

Because toxin A and toxin B are key virulence determinants of CDI and associated
with the severity of colon damage, they become a remarkable target for vaccine
development. The alteration of toxin structure by chemical treatment, thereby
inactivating toxicity while preserving its immunogenicity — termed as toxoid —has
been developed for over 3 decades. Toxoid-based vaccine use in animal models has
demonstrated a satisfactory production level of serum antibody responses against both
toxins and a preventive efficacy against a lethal outcome of CDI[143]. The first clinical
trial on toxoid-based vaccine in healthy individuals was introduced 20 years ago. It
was observed that the majority of study subjects developed a massive level of specific
antibodies for both toxins. Although some adverse reactions were documented, the
vaccine was demonstrated to be safe and immunogenic in healthy adults[144]. This
information paves the way for further development of the next generation of
formulated vaccine candidates that are currently under investigation.

The use of a recombinant protein-based design is another approach for vaccine
development to avoid residual toxins, which are not completely inactivated by
chemical, and also maximizes the protective effect using only the toxin domain
responsible for immunogenicity. Furthermore, this genetic modification allows
uncomplicated manufacture of vaccine preparations compared with toxoid
production. Three functional domains of both toxins, including glucosyl-transferase
(GT) and cysteine protease (CP), central translocation (T), and C-terminal receptor-
binding domain (RBD), were tested for immunogenic validation. The first study
conducted by Lyerly et al[145] on the use of the RBD of toxin A reported partial
protection against CDI and death in a hamster model. The genetic modifications of
toxin A RBD were widely investigated by several research groups. These modific-
ations included the use of RBD subdomain, recombinant fusion with other
immunogenic proteins, and combination with a mucosal adjuvant[146]. These
constructions exhibited strong action by evoking a complete seroconversion for toxin
A and preventing fluid secretion and histological changes. Although seroconversion
against toxin A was found to be greater than that against toxin B, an optimal vaccine
needs to include both toxin A and toxin B fragments to achieve maximum protective
efficacy. Therefore, later developments focused on the combination of recombinant
peptides with/without immune adjuvants. The fusion peptide, containing fragments
of toxin A and toxin B, generates an immune response to both toxins. Complete
protection against toxin A was observed at all doses, whereas less immunogenicity
toward toxin B was noticed[147]. Co-administration of the combined recombinant
protein with the adjuvant also demonstrated satisfactory positive protection, hence
this vaccine formulation is currently in phase 1 clinical trial.

To overcome the limitations of previous vaccine candidates related to the
prevention of CDI, surface protein antigens have emerged as an alternative target for
vaccine development. Several studies have confirmed the induction of immune
response during infection against surface layer protein (SLP), including flagella
components, adhesin, fibronectin-binding protein, and cysteine protease[148,149].
However, none of the vaccinations provided significant protection in animal models.
Furthermore, glycans, the polysaccharide coat on the surface of the bacterium, serve as
another target for eliciting specific antibodies. It has been documented that all 3 glycan
structures, PSI, PSII and PSIII, conjugated with other immune inducers stimulated
specific antibodies, including IgA and IgG, in animal models[150,151]. It was also
shown that immune cells can recognize both native and synthesized glycans,
supporting the importance of this molecule to be developed as a vaccine and/or a
vaccine additive.

There have been several attempts to develop vaccines for CDI. Unfortunately, there
is still no approved vaccine to prevent initial and/or recurrent CDI. Nevertheless,
there are 2 potential vaccine candidates reaching the final stage of development[152-
154]. VLAB84, a chimeric protein containing truncated toxin A and toxin B, developed
by Valneva Austria GmbH, demonstrated good efficacy in a phase 1 trial[155,156]. It is
currently under phase 2 clinical trial (NCT02316470). This clinical phase is a
randomized placebo-controlled study of a total of 500 healthy subjects aged > 50 years.
The subjects were separated into 4 groups, which individually received different
vaccine doses, including VLA84 75 ng without alum, VLA84 200 pg with and without
alum, and phosphate-buffered saline as the placebo group. All subjects received 3
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doses of vaccination on days 0, 7, and 28. The immunogenicity and safety of VLA84
were evaluated after the last vaccination for up to 6 mo. Based on the primary
outcome, it was reported that seroconversion for IgG was > 4-fold increase for toxin A
and toxin B on day 56. However, efficacy and data analysis are yet to be reported.

Pfizer’s vaccine has been developed using genetically modified full-length toxin A
and toxin B, using a novel detoxification process that preserves the critical epitopes
responsible for immunogenicity for maximizing the production of neutralizing
antibodies[157,158]. This vaccine entered clinical trials in 2012 and received Fast Track
designation from the United States FDA in 2014. The phase 2 clinical trial was
completed on patients aged 50-85 years (NCT02117570). The vaccine induced robust
immune responses and exerted protective effects in preclinical models. The Pfizer
vaccine is currently undergoing phase 3 clinical trials with > 17000 subjects in 23
countries. Subjects aged = 50 years will receive 3-dose vaccinations at months 0, 1, and
6. Volunteers will be followed up for 3 years after the last vaccination. As the trial is
ongoing, the results of data analysis from this vaccine are expected in the near future.

Although several vaccines have been developed for decades, aiming to serve as a
prophylaxis for CDI, there are concerns and limitations for rapid, long-lasting, and
protective immunity. Further efforts are still required to identify optimal dose, dosing
schedule, and vaccine formulation, and also to determine potential application for
high-risk healthy populations and immunocompromised individuals. Regarding the
promising efficacy of a CDI vaccine, if approved, it will provide the primary
prevention and reduction of CDI cases worldwide.

CONCLUSION

CDI is a serious healthcare concern as most countries move towards aging societies
[159]; C. difficile can have maximum impact on this age group. CDI treatment is also
threatened by treatment failures, especially recurrent CDI. Therefore, an urgent need
exists to develop alternative treatment approaches. Small molecules and natural
products have been subjected to the most advanced progress compared with other
approaches, followed by an erupting trend of FMT. Both single and combinational
therapies appear to be the way forward, such as antibiotic/ FMT, antibiotic/antitoxin
antibody, and antibiotic/synbiotic. Vaccine development is highly anticipated as the
results are extremely promising and would provide a significant tool for CDI
prevention and control in community and healthcare settings. Bacteriophage therapy
has to overcome the grand challenge before it can be used in clinical practice. These
developments are the future of CDI treatment; they require a huge amount of effort
and capital; meanwhile, the management of antibiotic use, hygiene precautions and
education, and monitoring systems, must be implemented to reduce the incidence of
CDL
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