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This book is dedicated to the memory of our dear friend and
colleague Professor Anne Collignon who passed away in 2022.
She contributed significantly to a better knowledge of C. difficile
and motivated and mentored many young researchers during
their first steps in this intriguing research area.



The AIMI Volume 8 Updates on Clostridium difficile in Europe has been the
most successful thematic volume of the AIMI Series in the last 5 years. As
editors we have received the invitation to prepare a second edition with
updated chapters.

In the meantime, Clostridium difficile was renamed to Clostridioides
difficile, but the main clinical, diagnostic, and research challenges remained
unchanged.

All but one chapter from the previous volume were updated, some of them
in a rather substantial way. The chapters of this book were planned to cover
the most important issues to be addressed in the study of infections due to
C. difficile. Two new chapters, not included in the first edition, were also
added, one on sporulation and the other on membrane vesicles.

C. difficile is a microorganism still feared not only as the cause of nosoco-
mial diarrhea related to protracted antibiotic administration but more and more
frequently of diarrheal diseases unrelated to the hospital environment, includ-
ing those affecting animals. In the last few decades, a growing number of
clinicians, microbiologists, and epidemiologists have investigated this topic,
as evidenced by the large number of scientific publications still in an upward
trend over the years.

In particular, this book has been focused on the clinical and experimental
activities carried out in Europe for a better knowledge of this pathogen and its
molecular characteristics, associated pathologies, and possible transmission
routes, as well as to build preventive and diagnostic strategies, and efficacious
therapeutic approaches for the treatment of Clostridioides difficile infection
(CDI).

Thanks also to the foundation of the European Study Group on C.difficile
(ESGCD) in 2000, in the framework of the European Society of Clinical
Microbiology and Infectious Diseases (ESCMID), European microbiologists,
clinicians, and epidemiologists, together with other experts from all over the
world, were able to consolidate the already existing positive collaboration that
led in recent years to the establishment of a European network for the
epidemiological surveillance, the molecular characterization, and the evalua-
tion of the antibiotic resistance profile of the clinical isolates, with obvious
advantages for the continuous updating of the treatment strategies of CDI. To
emphasize the positive role of the ESCMID in the fight against C. difficile
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infection, an updated chapter written by the current and past presidents of
ESGCD has been included in this volume.

We are grateful to all the authors for their contributions to the book. In our
view and intention, they also ideally represent the work of many other
European experts in this field who did not get involved on this occasion for
obvious limits of space.

Rome, Italy Paola Mastrantonio
Maribor, Slovenia Maja Rupnik

Preface
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Check for
updates

Elena Reigadas, Silvia Vazquez-Cuesta, and Emilio Bouza

Abstract

Clostridioides difficile infection (CDI) remains
a considerable challenge to healthcare systems
worldwide. Although CDI represents a signifi-
cant burden on healthcare systems in Europe,
few studies have attempted to estimate the
consumption of resources associated with
CDI in Europe. The reported extra costs attrib-
utable to CDI vary widely according to the
definitions, design, and methodologies used,
making comparisons difficult to perform. In
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this chapter, the economic burden of
healthcare facility-associated CDI in Europe
will be assessed, as will other less explored
areas such as the economic burden of recurrent
CDI, community-acquired CDI, pediatric CDI,
and CDI in outbreaks.

1 Introduction

In this chapter, the economic burden of healthcare
facility-associated Clostridioides difficile infec-
tion (CDI) in Europe will be assessed, as will
other less explored areas such as recurrent CDI
(R-CDI), community-acquired CDI, pediatric
CDI, and CDI in outbreaks.

Despite advances in the diagnosis and treat-
ment of CDI and prevention efforts to reduce the
incidence of CDI, the disease remains a signifi-
cant challenge to healthcare systems worldwide
(Dubberke and Olsen 2012; Bouza 2012). From
an economic point of view, CDI increases patient
healthcare costs as a result of extended length of
hospital stay (LOS), re-admission, laboratory
tests, and medication (Wiegand et al. 2012;
Gabriel and Beriot-Mathiot 2014; Nanwa et al.
2015). C. difficile infection is costly, not only to
third-party payers and hospitals but also to soci-
ety as a whole (Mcglone et al. 2012).

Most of the existing literature is from the
United States, where an in silico economic
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model suggested that the annual US economic
burden of CDI would be $496 million from a
hospital perspective, $547 million from a third-
party payer perspective, and $796 million from a
societal perspective (Mcglone et al. 2012).
Another study including both healthcare setting
and the community estimated that the annual eco-
nomic cost of all CDI in the United States was
$5.4 billion, with $4.7 billion of the costs incurred
in healthcare settings (Desai et al. 2016). How-
ever, few published studies have attempted to
estimate the consumption of resources associated
with CDI in Europe (Wiegand et al. 2012;
Wingen-Heimann et al. 2022). It has been
estimated that the annual cost of CDI in Europe
is €3 billion per year (Jones et al. 2013); conse-
quently, approaches that can reduce CDI-associated
resource use and costs are of interest.

Although antibiotics are a key component of
therapy for CDI, they currently represent a mini-
mal cost in the overall budget for CDI manage-
ment, and the main extra associated cost reported
in most studies is the extended LOS attributable
to CDI (Wiegand et al. 2012; Asensio et al. 2013,
2015; Wilcox et al. 1996; Hubner et al. 2015).

CDlI-related costs are also likely to increase as
the population ages. In a systematic European
meta-analysis on clinical and economic burden,
the authors reported that the incremental cost of
CDI may have increased by £1857 to £4266
(27-93%) over a 12-year period (Wiegand et al.
2012). In a review by Kuijper et al., the potential
cost of CDI was estimated to be €3 billion/year and
is expected to almost double over the next four
decades, assuming a European Union population
of 457 million inhabitants (Kuijper et al. 2006).

The reported extra costs attributable to CDI
vary widely according to the definitions, design,
and methodologies used (Ghantoji et al. 2010;
Wiegand et al. 2012). Most studies do not sepa-
rate the costs of resources due to CDI from those
generated by the underlying disease. Therefore,
comparisons need to be made with caution and
limited to results obtained in a similar manner.

A clearer understanding of the healthcare and
economic burden of CDI is of value to hospital
administrators, infection prevention teams, and
persons involved in antimicrobial stewardship
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programs, who can use this key information to
determine the appropriate degree of investment in
infection control measures and in other priority
areas.

Future studies should follow standard method-
ology, include other indirect cost perspectives
such as societal and patient perspectives, and
examine poorly explored populations, such as
individuals with community-acquired CDI.

2 Economic Burden
of Hospital-Acquired CDI in
European Countries

A wide range of CDI costs in Europe have been
reported, ranging from €5798 to €12,867 per case
(Wiegand et al. 2012; Braae et al. 2020). Detailed
data are only available from eight European
countries (Ireland, England, Wales, Denmark,
Germany, Poland, Spain, and Italy). Table 1
summarizes CDI costs by study and country.
Recently, a retrospective analysis within the
Combatting Bacterial Resistance in Europe CDI
(COMBACTE-CDI) point-prevalence study proj-
ect was conducted based on resource costs for
inpatient treatment and productivity costs
(Wingen-Heimann et al. 2022). This study
analyzed 430 hospitalized patients from 12
European countries, reporting a cost of €15,242
per CDI primary episodes.

2.1 Primary Episodes

The economic burden of primary episodes in
Europe is reviewed below by region. The most
abundant literature comes from Northern, West-
ern, and Southern Europe.

2.1.1 Northern Europe

A large study conducted in Denmark, including
12,768 patients with healthcare-related CDI and
23,272 matched controls, revealed that the total
healthcare cost was significantly larger for CDI
cases than controls throughout all periods (Braae
et al. 2020). During the index admission period,
cost was €12,867 per CDI case compared to



Economic Burden of Clostridioides difficile Infection in European Countries

Table 1 Summary of European Clostridioides difficile infection costs by study and country

Reference Country | CDI cases Study

Author (year) |or region |examined population Study period | Cost

Braae et al. Denmark |N = 12,768 Healthcare CDI | 2011-2014 €12,867/CDI

(2020)

Ryan et al. Ireland N=13 Healthcare CDI | August 2015 | €5820/CDI

(2017)

Al-Eidan Ireland N =287 Healthcare CDI | 1994—-1995 £2860/CDI

et al. (2000)

Wilcox etal. | England |N =50 Healthcare CDI | 1994-1995 £4107/CDI

(1996)

Tresman and | England |N =90 Healthcare CDI | 2014-2017 £12,710 (CDI)

Goldenberg (45 CDI, £31,121 (recurrent CDI)

(2018) 45 recurrent

CDI)

Wilcox et al. | United N=128 Healthcare CDI, | 2012-2014 £6294/CDI

(2017) Kingdom recurrences £7539/recurrent CDI

Vonbergetal. | Germany |N =116 Healthcare CDI | 2006 €7147/CDI

(2008)

Hubner et al. | Germany |N =43 Healthcare CDI | 2010 €5262.96/CDI

(2015)

Grube et al. Germany |N = 2767 Healthcare CDI, | 2011 €4132/CDI as primary diagnosis

(2015) recurrences €19,381/CDI as secondary
diagnosis
€20,755/recurrent CDI

Sierocka et al. | Poland N=353 Healthcare CDI | 2018 €1664 cost per CDI person-day

(2021)

Le Monnier France N =1097 Healthcare CDI, | 2011 €9575/CDI (€6056 CDI as primary

et al. (2015) recurrences diagnosis/€11,251 CDI as
secondary diagnosis)
€9625/recurrent CDI

Asensio et al. | Spain N = 17601 Healthcare CDI, |2012 €3901 CDI

(2013) recurrences €4875 first recurrent CDI
€5916 second recurrent CDI

Asensio et al. | Spain N =232 Healthcare CDI, |2011-2013 | €4265/CDI case (Spain)

(2015) and Italy | (Spain) recurrences, (adults) €14,936/adult CDI case (Italy)

N = 145 (Italy) | children 20062012 €17,714/recurrent CDI case (Italy)
(pediatrics) €3545/pediatric CDI case (Italy)
Bouza et al. Spain N =282 Recurrent CDI | 2010-2018 | €10,877 recurrent CDI case
(2021)

Ref reference, CDI Clostridioides difficile infection

€4522 (p < 0.001) for controls, with a CDI
incremental cost with respect to matched controls
in Year 1 of €11,876 (Braae et al. 2020).

A recent study conducted in a tertiary referral
hospital in Ireland during August 2015 showed
that the total incremental cost of CDI was
€75,680, with a mean cost of €5820 per patient
(Ryan et al. 2017).

Another study conducted in Ireland
established the mean cost per treated case of
CDI in terms of bed occupancy, laboratory

requests, and treatment to be £4577 (2010 GBP)
(Al-Eidan et al. 2000).

It has been estimated that the cost for CDI is
€5000—€15,000 per case in England (Kuijper
et al. 2006). The earliest data on economic burden
from England were communicated by Wilcox
et al. (1996), who performed a study in geriatric
wards. Cases and controls were matched for age,
sex, and distribution of the main diagnoses. The
total identifiable increased cost of CDI was £6986
in 2010 GBP.



A more recent study in England, comparing
first CDI episodes and recurrent CDI episodes,
revealed a cost of £12,710 for primary episodes
(Tresman and Goldenberg 2018).

2.1.2 Western Europe

A retrospective multicenter study analyzed a sam-
ple of 12 large, public, acute-care hospitals in
France representing 5.82% of the cumulative
annual number of patient-days spent in public
acute-care  hospitals in France in 2011
(Le Monnier et al. 2015). The costs of CDI
incurred by public insurance and by the hospital
itself (euros) were based on full unit cost per
diagnosis-related group in hospitals at 2010
values. The annual incidence of CDI based on
laboratory reporting was estimated at 3.74 cases
per 10,000 patient-days. In cases where CDI was
the primary diagnosis, the mean cost per stay was
€6056 (median €4410), and the cumulative cost
for the whole set of stays observed in 2011 for the
12 hospitals was €823,656. In patients where CDI
was considered a secondary diagnosis, the mean
extra cost adjusted for age-, sex-, and diagnosis-
related groups in cases without CDI was €11,251
(median: €8822) per stay (Le Monnier et al.
2015). The extrapolated annual nationwide cost
of CDI in 2011 in France was €163.1 million.

A single-center retrospective analysis of data
from patients with nosocomial CDI carried out
over a l-year period at a teaching hospital in
Germany showed an additional cost of €5262
per case (Hubner et al. 2015).

Another single-center German study showed
that costs for CDI patients were significantly
higher than for their matched controls (median:
€7147) (Vonberg et al. 2008). A large multicenter
study conducted in 37 German hospitals based on
data from the German DRG system analyzed
2767 CDI cases grouped according to whether
CDI was a primary or secondary diagnosis
(Grube et al. 2015). For comparison, non-CDI
cases from the same hospitals during the same
year were matched using propensity score
matching.

Patients from the primary diagnosis group
(n = 817) showed a mean cost per case of
€4132(€536 more than controls), while the

E. Reigadas et al.

secondary diagnosis group (n = 1840) had costs
of €19,381 (€13,082 for controls) (Grube et al.
2015). The authors extrapolated their data and
declared that CDI generates a yearly cost burden
of €464 million for the German healthcare
system.

2.1.3 Southern Europe

Evidence regarding the impact of CDI on
healthcare resources in southern Europe is gener-
ally scarce. In the case of Spain, few studies have
assessed the economic burden of CDI. An eco-
nomic model analysis performed in 2012 by
Asensio et al. (2013) assessed the cost of CDI in
adult patients (>18 years) treated for 1 year with
metronidazole or vancomycin from the perspec-
tive of the Spanish National Health System Ser-
vice. The resources used in clinical practice were
obtained through a Delphi panel of Spanish
clinicians with expertise in CDI. Unit costs
(€2012) were obtained from Spanish sources.

This study estimated that 7601 episodes of
CDI occur annually in Spain (incidence of 17.1
episodes/year/10,000 hospital discharges) with an
annual cost to the Spanish National Health Sys-
tem Service of €32,157,093. The cost per episode
of CDI was €3901 for initial or primary CDI
episodes. More recently, another study assessed
the impact of CDI on hospital resources and costs
in both Spain and Italy (Asensio et al. 2015). Each
patient was matched with two randomly selected
uninfected controls in the same institution. Data
were collected for 232 adult infected patients and
426 matched non-infected patients in Spain
(n = 106) and Italy (n = 126). CDI-associated
costs were due to excess hospitalization. The
difference in LOS between the two countries
resulted in a significant variation in costs.

Hospitalization costs attributable to CDI in
Spain were €4265 per patient for all patients,
€2882 per patient for patients aged <65 years,
and €4885 for those aged >65 years (Asensio
et al. 2015).

For Italy, the total cost attributable to CDI was
€14,023 per patient for all patients. The cost was
€15,668 for those aged <65 years and €13,862 for
those aged >65 years, with the difference in cost
being due to differences in LOS (21 vs. 19 days,
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respectively). The authors estimated a cost of CDI
in Italy of €32,371 per 10,000 patient-days
(Asensio et al. 2015).

A multicenter Italian cost analysis study
performed in hospitalized patients from the
hospital’s perspective (Poli et al. 2015). This
study showed that the mean total incremental
cost for a patient with CDI was €3270 per case.

2.2 Recurrent Episodes

One of the first studies to assess the cost of
recurrent CDI in an European country was a
Spanish study in which the cost of the initial
CDI episode was estimated to be €3901, the cost
of the first recurrence was €4875 and that of the
second recurrence was €5916 (Asensio et al.
2013). More recently, data from another multi-
center Spanish study estimated the mean cost for
R-CDI episode which was €10,877 (Bouza et al.
2021).

In an Italian multicenter study including
recurrences (Asensio et al. 2015), the cost attrib-
utable to recurrent CDI was €17,714 per patient,
while for patients with a single episode of CDI,
the cost was €14,936. In this study, a total of
34 adult patients (12.5%) and 2 pediatric patients
(10.5%) experienced a first recurrence of CDI.
Three of the 34 adult patients and 1 of the 2 pedi-
atric patients had an additional recurrence.

A French multicenter study estimated the
median extra cost per stay with CDI to be
€7514, i.e., approximately €9.5 million in 2011
for the 12 facilities included. The fraction of that
total cost attributable to recurrences was 12.5%
(Le Monnier et al. 2015). Recurrences occurring
in acute-care settings were present in 12.0% of
hospital stays with CDI. In addition, 9.3%
(11/118) of recurrences were coded as the pri-
mary diagnosis and led to readmission of the
patients, which resulted in prolonged LOS and
additional medical costs.

Data from 37 German hospitals revealed high
costs for recurrent CDI of €20,755 vs. €13,101
for matched controls from the same hospitals
during the same year (Grube et al. 2015).

Wilcox et al. recently analyzed the impact of
recurrent CDI in terms of hospital resource use
and health-related quality of life associated with
hospitalizations for recurrent CDI in six UK
acute-care hospitals (Wilcox et al. 2017). The
median cost per patient during a 28-day post-
index period was £7539 for recurrent CDI and
£6294 for first CDI episodes (Wilcox et al. 2017).
A recent micro-costing study conducted in
London determined the health resource utilization
of patients with R-CDI versus first episode CDI;
in this study the mean total costs (variable and
fixed costs) of R-CDI were £31,121, which
exceeded by more than double the cost of the
first episodes CDI episodes (£12,710) (Tresman

and Goldenberg 2018).
The retrospective analysis within the
COMBACTE-CDI  project was recently

conducted based on resource costs for inpatient
treatment and productivity costs. This study
included 430 hospitalized patients from 12
European countries; mean overall costs per
patient between the CDI case group and recur-
rence group were €15,242 and €52,024, respec-
tively (Wingen-Heimann et al. 2022).

23 Length of Stay

In their review, Wiegand et al. (2012) estimated
the average LOS in Europe to be 15 days. When
examined by country, they found that Switzerland
had the lowest LOS (12 days), followed by
Belgium, France, Ireland (17 days), and Spain
(18 days), while the highest LOS were observed
for the Netherlands (21 days), Germany
(27 days), and the UK (37 days) (Wiegand et al.
2012). In the recent multicenter study including
12 European countries, the overall median LOS
was 22 days (95% CI 17-27 days) (Wingen-
Heimann et al. 2022).

Even though LOS values are more reproduc-
ible between studies than costs, data on the excess
LOS attributable to CDI are limited. Not many
studies assess the attributable LOS, reporting only
total LOS. It was recently suggested that, com-
pared with newer statistical models, models that



were previously used to determine the LOS attrib-
utable to CDI overestimated the additional LOS
(Mitchell and Gardner 2012). Therefore, future
studies must take this into account. Table 2
shows the European studies reporting LOS attrib-
utable to CDI; the mean incremental LOS attrib-
utable to CDI ranged from 4.2 days to 20 days
(Ryan et al. 2017).

As for recurrent CDI, the mean incremental
LOS in Europe is 9.1 days to 26 days (Asensio
et al. 2013, 2015). Although data may vary, most
studies agree that recurrent CDI presents longer
LOS than primary episodes. In a study conducted
in England, Wilcox et al. observed a median LOS
of 21 days for recurrent CDI in contrast to 15.5
days for first episodes (Wilcox et al. 2017). More
recently, in the European COMBACTE-CDI
study, the median overall LOS for recurrent CDI
was 55 vs. 22 for primary CDI episodes (Wingen-
Heimann et al. 2022).

Few studies have assessed differences in extra
costs between mild to moderate CDI cases and
severe CDI cases. A study conducted by van
Kleef et al. in a large English-teaching hospital
showed that severe cases had an average excess
LOS which was twice that of the nonsevere cases
(11.6 days (95% CI: 3.6-19.6) vs. approximately
5 days (95% CI: 1.1-9.5)) (Van Kleef et al. 2014).

24 Distribution of Costs
The expense associated with CDI stems mainly
from extended LOS. Various studies in Europe
place the additional cost of LOS at 43.2-95.6% of
the total extra costs of the CDI episode (Ryan
et al. 2017; Asensio et al. 2013, 2015; Wilcox
et al. 1996; Poli et al. 2015). Figure 1 represents
the distribution of CDI costs of the
abovementioned studies.

In contrast, cost for CDI antibiotics account for
a low percentage of the total cost, ranging from
0.43% to 13.3% (Asensio et al. 2013, 2015;
Wilcox et al. 1996; Ryan et al. 2017; Poli et al.
2015). Figure 2 illustrates the distribution of costs
in patients with CDI antibiotics as percent of total
cost per country. Most of these studies only
include vancomycin and metronidazole as

E. Reigadas et al.

treatment for CDI, probably because they were
conducted before fidaxomicin was licensed in
those countries; only one recent study conducted
in Ireland included fidaxomicin as treatment for
CDL. In a recent pan-European study, one of the
most important variables associated with
increased overall costs were change escalation in
CDI medication (OR 3.735), which included
increased dosage or change of CDI active agent
and treatment in an intensive care unit (ICU)
(OR 5.454) (Wingen-Heimann et al. 2022). In
this study, treatment with fidaxomicin as first-
line therapy, age >65 years, evidence of CDI
related colitis were found to have no influence
on the overall costs(Wingen-Heimann et al.
2022).

Regarding distribution of costs for R-CDI, a
recent study conducted in England observed that
the cost of hospital admissions and emergency
department visits accounted for more than 85%,
similar to first-case CDI. The median cost for
CDI-specific drugs was higher in R-CDI patients
(£376 per patient) than first-case CDI (£46 per
patient) (Wilcox et al. 2017).

0

3 Economic Burden
of Community-Acquired CDI

Community-acquired CDI is a growing problem,
and additional data are needed to accurately quan-
tify the contribution of this subpopulation to the
overall burden of CDI. Few studies provide
insight on this understudied patient group
(Kuntz et al. 2012; Sammons et al. 2013; Nanwa
et al. 2017), and none have been performed in
European patients. In addition, across studies, the
case definition of community-acquired CDI may
differ depending on the time between a previous
hospital admission and whether the case of CDI
was an incident case (Kutty et al. 2010; Freeman
et al. 2010).

The most recent and largest study is a
population-based matched cohort study includ-
ing, between 2005-2006 and 2014-2015,
33,909 new cases of C. difficile infection in
Ontario, Canada. In this study, Pereira et al.
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Table 2 Cost of length of stay (LOS) attributable to Clostridioides difficile by study and country

Reference CDI cases Study LOS attributable to CDI
Author (year) Country examined Study population | period (days)
Eckmann et al. Netherlands | N = 270 Healthcare CDI 2008-2009 | Mean 12.58
(2013)
Ryan et al. Ireland N=13 Healthcare CDI August Mean 4.2
(2017) 2015
Al-Eidan et al. Ireland N =287 Healthcare CDI 1994-1995 | Mean 13
(2000)
Eckmann et al. England N = 10,602 Healthcare CDI 2007-2009 | Mean 16.09
(2013)
van Kleef et al. | England N =157 Healthcare CDI 2012 Mean 7.2 (all CDI)
(2014) Mean 11.6 (severe CDI)
Mean 5.3 (nonsevere CDI)
Tresman and England N =90 (45 CDI, | Healthcare CDI 2014-2017 | Mean overall LOS
Goldenberg 45 recurrent 17 (primary CDI)
(2018) CDI) Mean overall LOS
33 (recurrent CDI)
Vonberg et al. Germany N=116 Healthcare CDI 2006 Median 7
(2008)
Eckmann et al. | Germany N = 109,526 Healthcare CDI 2008-2010 | Mean 15.47
(2013)
Hubner et al. Germany N=43 Healthcare CDI 2010 Mean 11.4
(2015)
Sierocka et al. Poland N=253 Healthcare CDI 2018 Mean 11.95
(2021)
Le Monnier France N = 1097 Healthcare CDI, 2011 Mean 8.9
et al. (2015) recurrences
Eckmann et al. | Spain N = 830 Healthcare CDI 2008-2010 | Mean 13.56
(2013)
Asensio et al. Spain N = 17601 Healthcare CDI, 2012 Mean 7.4 (CDI)
(2013) recurrences Mean 9.1 (first recurrent
CDI)
Mean 10.8 (second
recurrent CDI)
Asensio et al. Spain and N =232 (Spain) | Healthcare CDI, 2011-2013 | Median 6.4 (Madrid)
(2015) Italy N = 145 (Italy) recurrences, (adults) Median 20.0 (Barcelona)
children 20062012 | Median 20.0 (Rome)
(pediatrics) | Median 26.0 for first
recurrent CDI case (Spain
and Italy)
Median 5.0 for pediatric
case (Naples)
Bouza et al. Spain N =282 Recurrent CDI 2010-2018 | Median 17.18 for recurrent
(2021) CDI

Ref reference, CDI Clostridioides difficile infection, LOS length of stay

studied 7216 (21.3%) subjects with community-
associated/community-onset CDI and 7098
(20.9%) with healthcare-associated/community-
onset infection. Community-associated cases
increased by 36.3% between 2005-2006 (6.09
cases per 100,000 person-years) and 2014-2015
(9.56 cases per 100,000 person-years). Median

costs attributable to C. difficile infection were
$13,249 for community-associated infection and
$11,917 for healthcare-associated/community-
onset infection (Pereira et al. 2020).

Sammons et al. examined a cohort of children
and performed a subanalysis on community-onset
and hospital-onset CDI (Sammons et al. 2013).
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Fig. 1 Distribution of costs of Clostridioides difficile infection

They found that patients with community-onset
CDI comprised 54% of cases (2414 cases).
Patients with hospital-onset CDI had significantly
higher mortality rates and longer LOS than those
with  community-onset CDI, and mean
differences in LOS and total standardized costs
were 21.60 days and $93,600 for hospital-onset
CDI and 5.55 days and $18,900 for community-
onset CDI. Although mortality rates did not differ
between those with community-onset CDI and
matched unexposed subjects, community-onset
CDI patients had significantly longer LOS and
total hospital costs (Sammons et al. 2013).

Kuntz et al. performed a population-based
study in which they identified 3067 CDIs and
classified CDI by whether it was identified in
the outpatient or inpatient healthcare setting
(Kuntz et al. 2012). A total of 1712 (56%) were
identified in the outpatient setting. These patients
tended to be younger, with fewer comorbid
conditions than patients with CDI identified in
the inpatient setting. Eleven percent of patients
with outpatient-identified CDI were hospitalized
with a CDI-related diagnosis code during the
follow-up  period. These hospitalizations
occurred, on average, 27 days after outpatient
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Fig. 2 Costs in 20.00% -
Clostridioides difficile
infection antibiotics as
percent of total cost
10.00%
0.00% |
England

identification of CDI and lasted an average of
10 days.

As expected, the impact of CDI on healthcare
utilization and cost was most notable in the
setting in which the patient’s infection had been
identified. Outpatient care costs were higher
among persons with CDI identified in the outpa-
tient setting, with drugs representing the greatest
percentage of these costs in both groups. Simi-
larly, patients with inpatient-identified CDI had

higher inpatient costs than patients with
outpatient-identified CDI
($10,708.40 vs. $837.40). Total costs for

community-onset CDI were $1697 vs. $11,315
of hospital-onset CDI (in US$2009 per patient)
(Kuntz et al. 2012).

4 Pediatric Population

Data on the burden of CDI in children are very
limited—as with adults—and most of the litera-
ture on this topic comes from studies performed
in the United States. In Italy, Asensio et al. (2015)
reported separate data on the economic burden of
CDI in children, although they found that the
number of patients included was low (n = 19).
Most cases of CDI in children were community-
acquired as opposed to nosocomial. Disease
characteristics were generally comparable to
those of adults, although the incidence of ulcera-
tion and bowel wall thickening was higher than in

Germany

.
Italy

Ireland Spain

adults. The authors found that the median LOS
attributable to CDI was lower than in adults (5 vs.
19 days in Rome), as was the frequency of isola-
tion and admission to the ICU, probably because
most cases were community-acquired. Therefore,
although daily costs of care are higher for chil-
dren than adults, the overall burden of CDI in the
pediatric population in Italy is lower than in
adults. The total cost attributable to CDI in pedi-
atric patients in Naples was €3545 per patient
(Asensio et al. 2015).

The only data on the economic burden of
pediatric CDI in larger populations are from
American studies. In their multicenter cohort
study, Sammons et al. found that CDI was
associated with worse outcomes among
hospitalized children who were otherwise similar
in the main demographic and clinical
characteristics, although the difference was most
pronounced in children with hospital-onset dis-
ease. The presence of CDI was associated with
>6-fold higher mortality rates among those with
healthcare-onset CDI and resulted in significantly
longer LOS and increased total hospital costs,
corresponding to a mean difference in total
standardized costs of $48,500 between matched
exposed and unexposed patients (Sammons et al.
2013).

In another study performed in acute care
hospitals in the Michigan Health and Hospital
Association, children younger than 5 years of
age had mean charges of $148,525, compared
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with $56,796 for discharges of patients who were
aged >65 years, probably because of longer LOS:
children younger than 5 years of age were
hospitalized for a mean of more than 25 days
per discharge vs. 14.2 days for the remaining
age groups reported (Verlee et al. 2012).

A large propensity score-matching analysis in
313,664 patients aged 1-18 years was performed
to evaluate the influence of CDI on mortality,
LOS, and costs in hospitalized surgical pediatric
patients. The authors observed that after propen-
sity score matching, the mean excess LOS and
costs attributable to CDI were 5.8 days and
$12,801 (p < 0.001), accounting for 8295 days
spent in the hospital and $18.4 million (2012
USD) in annual expenditure (Kulaylat et al.
2017).

5 Economic Costs of CDI
Outbreaks

Few data have been published on the costs
derived from outbreaks. One of the few studies
to assess this situation was that conducted in
Ireland by Ryan et al. (Ryan et al. 2017). The
authors collected data on LOS, diagnosis,
diagnosis-related group codes at discharge, time
in isolation because of CDI, additional measures
because of CDI (medications, consultations,
investigations, and procedures), unit costs (labo-
ratory testing, personal protective equipment,
single-room accommodation, and cleaning/
decontamination), and personnel time.

This study covered only a 1-month period
(August 2015), during which they observed that
the CDI outbreak resulted in additional costs of
€46,967. The outbreak resulted in 58 bed days
lost due to bed closures on the outbreak ward,
with an estimated value of €34,585. Five outbreak
control meetings were held, each with a mean
duration of 47 min and supported by 15 h of
administrative input. All meetings involved a
consultant microbiologist, a senior laboratory sci-
entist, a senior antimicrobial specialist pharma-
cist, an assistant director of nursing, multiple
clinical nursing managers, and a number of
other staff members. The mean personnel cost
per meeting was €546, and the aggregate cost
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was €2728. The cost of outbreak-related
cleaning/decontamination during August was
€9654 (Ryan et al. 2017).

For the patients involved in the CDI outbreak,
excluding the value of the 58 bed days lost
(€34,585), costs were 30% higher (€7589 per
patient) than those not involved in the outbreak
during the same period (Ryan et al. 2017).

Van Beurden et al. assessed the costs of an
outbreak of C. difficile ribotype 027 at the VU
University medical center, a 750-bed tertiary care
center in the Netherlands, from May 2013 to May
2014 (Van Beurden et al. 2017). Several control
measures were implemented, such as reinforce-
ment of infection control, the introduction of
hydrogen peroxide as disinfectant, extra cleaning,
optimization of CDI diagnosis, optimization of
CDI treatment, and antibiotic stewardship.
Twelve meetings of the outbreak management
team (consisting of five medical specialists, one
infection prevention specialist, one care manager,
and two co-workers from facility management)
were held during the study period. Several beds
had to be closed to ensure that every patient with
suspected CDI was placed in contact isolation in a
single room. After the implementation of these
control measures, the incidence of CDI decreased
to around 1.5 cases per 10,000 patient days in
early 2014.

Missed revenue due to prolonged LOS among
CDI patients, costs of the outbreak meetings,
extra surveillance, contact isolation material
(compared with the same period 1 year earlier
and 1 year later), and additional microbiological
diagnostics (compared with the same period
1 year earlier) were calculated directly from avail-
able data for the entire outbreak. Overall costs for
additional cleaning, contact isolation, and missed
revenue due to closed beds were extrapolated
from the costs incurred during the previous
3 months of the outbreak. Attributable costs per
item (in 2014 euros) were assessed over a
365-day period.

The total identifiable costs of this C. difficile
outbreak were €1,222,376. Most costs (36%)
stemmed from the loss of revenue resulting from
decreased hospital capacity because of the
increased LOS of CDI patients and the closure
of multiple beds to ensure contact isolation of a
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single CDI patient. Twenty-five percent of the
costs were from extra surveillance and the work
of the department of infection control, 24% were
for extra cleaning of the affected wards, 6% for
extra microbiological diagnostic procedures, 3%
for the outbreak meetings, and 3% for the use of
extra gloves and aprons. Extra antibiotic treat-
ment of CDI patients counted for 2% of the total
costs (Van Beurden et al. 2017).

As can be seen in both studies, the cost of one
missed hospital admission due to closed beds or
prolonged LOS is a major cost. The economic and
healthcare impact of loss of revenue is very diffi-
cult to determine, and closed beds prevent inpa-
tient accommodation, with the resultant
morbidity and mortality (Singer et al. 2011). In
addition, increased bed wusage by medical
specialties is associated with cancelled elective
surgeries (Robb et al. 2004; Nasr et al. 2004).

Outbreak control generates extra work, which
often relies on staff already overburdened with
administrative tasks from patient care activities.
Extra cleaning measures and multidisciplinary
infection control teams are key elements for out-
break control (Barbut et al. 2011; Barbut 2015).
Healthcare facilities should be able to assess the
economic impact of an outbreak, and knowing the
costs of additional measures will make it possible
to establish a cost-efficient program for outbreak
control, with adequate resource allocation.
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For surveillance systems to be useful, they must adapt to the changing environment in which
they operate and accommodate emerging public health requirements that were not
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Abstract

Since the turn of the millennium, the epidemi-
ology of Clostridioides difficile infection (CDI)
has continued to challenge. Changes in clinical
presentation, severity of disease, descriptions of
new risk factors and the occurrence of
outbreaks all emphasised the importance of
early diagnosis and standardised surveillance
systems. However, a lack of consensus on
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case definitions, clinical guidelines and optimal
laboratory diagnostics across Europe has led to
the underestimation of CDI and impeded
comparison  between  countries.  These
inconsistencies have prevented the true burden
of disease from being appreciated.

Acceptance that a multi-country CDI sur-
veillance program and optimised diagnostic
strategies are required has built the
foundations for a more robust, unified surveil-
lance. The concerted efforts of the European
Centre for Disease Prevention and Control
(ECDC) CDI networks led to the development
of the European surveillance protocol and an
over-arching long-term CDI surveillance strat-
egy for 2014-2020, which has been followed
by the development of surveillance systems in
at least 20 European countries. However, sur-
veillance activities in individual countries
have slowed during the COVID-19 pandemic
as resources were diverted to the global health
crisis. A renewed and strengthened focus on
CDI surveillance and prevention is therefore
urgently needed post COVID-19.
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1 Epidemiology of CDI in Europe

Clostridioides difficile is a leading infectious
cause of antimicrobial-associated diarrhoea, with
symptoms ranging from mild diarrthoea to
pseudomembranous colitis (PMC). C. difficile
infection (CDI) has been classified as an urgent
public health threat by the Centres for Disease
Control and Prevention and has an attributed
healthcare cost of over $1 billion per year (CDC
2019). Until the end of the millennium interest in
this pathogen was primarily in relation to
healthcare and its impact on morbidity and mor-
tality in the elderly. However, since 2000 signifi-
cant changes in the clinical presentation of CDI
have been reported, including more severe dis-
ease, CDI in the community in patients without
traditional risk factors (such as antimicrobial
treatment and recent hospitalisation) and the
occurrence of outbreaks (Bauer et al. 2009;
Freeman et al. 2010; Wilcox et al. 2008). The
changes in the epidemiology of CDI leading to
several outbreaks in North America and Europe
correlated with the emergence of a new hypervir-
ulent strain PCR ribotype 027 (Kuijper et al.
2006a), and to a lesser extent, PCR ribotype
078 (Goorhuis et al. 2008). Ribotype 027 was
associated with more severe disease, higher mor-
tality, increased risk of relapse and higher
colectomy rates (Kuijper et al. 2006a; Ricciardi
et al. 2007; Warny et al. 2005). However, other
ribotypes of C. difficile were also linked to
outbreaks and contributed to the spread of this
infection not only in Europe but worldwide
(Bauer et al. 2011).

The reasons for the emergence and rapid
global spread of C. difficile ribotype 027 remained
unexplained until the genomes of a global collec-
tion of C. difficile ribotype 027 isolates from
hospital patients between 1985 and 2010 were
sequenced. Phylogenetic analysis showed that
two separate lineages of ribotype 027, FQRI
and FQ2, had emerged in North America within
a short period of time, after acquiring the same
fluoroquinolone resistance mutation, of which
one spread throughout the United States (USA),
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South Korea and Switzerland, and the other
spread more widely across continents throughout
Europe and Australia (see Fig. 1) (He et al. 2013).
Isolates obtained prior to the emergence of these
two lineages were not associated with hospital
outbreaks, suggesting that they represented
pre-epidemic lineages of ribotype 027. These
findings highlighted the important role of selec-
tive pressure from fluoroquinolone use in the
evolution and spread of these two lineages in
healthcare settings and highlighted the intercon-
nectedness of the global healthcare systems due
to human travel.

In the 2011/2012, the European Centre for
Disease Prevention and Control (ECDC) acute
hospital point prevalence survey of hospital-
acquired infection (HAI), C. difficile was the
most frequently reported pathogen associated
with healthcare-associated gastrointestinal dis-
ease in European hospitals (accounting for 48%
of all gastrointestinal disease) (ECDC 2013).
Based on this data, it was estimated that 152,905
new cases of CDI occur every year in Europe with
an incidence of 30 cases per 100,000 population.
Moreover, CDI was associated with considerable
short- and long-term disability, with a reported
8382 attributable deaths per year (Cassini et al.
2016).

ECDC commenced coordination of CDI sur-
veillance in acute care hospitals in EU/EEA
countries in 2016 (ECDC 2015). In 20162017,
the crude incidence of CDI in 23 European
countries was 3.48 cases per 10,000 patient
days, the majority healthcare-associated CDI
(HA-CDI) (60.9%) with 32.7% community-
associated CDI (CA-CDI) or unknown associa-
tion (ECDC 2022). Among the healthcare-
associated cases (HA-CDI), the crude incidence
density was 2.12 cases per 10,000 patient-days.
The highest national annual crude CDI incidence
densities were reported in Estonia, Lithuania and
Poland (at 5.92-7.51 cases per 10,000 patient-
days) in 2016. The patterns of high and low
national incidence densities were mirrored
among the HA-CDI cases in both years (Fig. 2).
Ten countries also reported ribotype data, of
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— Lineage FQR1
— Lineage FQR2

B Fluoroguinolone-resistant 027/BI/NAP1 reported
B Fluoroguinolone-sensitive 027/BI/NAP1 reported

Fig. 1 Global transmission events of C. difficile PCR ribotype 027 (with permission from authors). Arrows indicate
individual introductory transmission events of FQR1 and FQR2 (He et al. 2013)

which 81% of the data originated from three
countries (Belgium, the Netherlands and the UK
(Wales)). The latest ribotype data are therefore
not representative of the overall distribution in
Europe. Despite its limited coverage of ribotype
data, the ECDC CDI report provides the largest
harmonised epidemiological data set from
Europe. This report of CDI data collected from
countries over a 2-year period used the ECDC
surveillance protocol and to a high degree the
same diagnostic algorithm as defined in the
protocol.

A systematic literature review that included
data from France, Germany, Italy, Poland, Spain
and the UK (Scotland) reported an overall inci-
dence of 3.5 cases per 10,000 patient days with
the UK at 1.99 and Poland at 6.18 cases per
10,000 patient days (Finn et al. 2021). Although,
these reports arrive at the same overall incidence
in Europe, the ECDC report covers a larger num-
ber of countries and contains standardised and
comparable data from a larger number of
European hospitals using the same case
definitions, diagnostic testing and reporting
methods as defined in the ECDC surveillance
protocol. The development of incidence over
time (i.e. trends) is rarely reported for European

countries in the scientific literature (Finn et al.
2021) but can be found in national reports
(e.g. the UK (England), the UK (Scotland) and
Ireland).

Developments in Approaches
to Monitoring

the Epidemiology of CDI in
European Countries

In 2002, the European Study Group on C. difficile
(ESGCD) conducted a survey of 212 laboratories
in eight countries (Belgium, Denmark, Finland,
the Netherlands, Germany, Italy, Spain, the UK)
to obtain an overview of diagnostic methods used
and to estimate the average incidence of CDI
across Europe (Barbut et al. 2003). The survey
revealed an inconsistent approach to diagnosing
and typing CDI, including variation in the criteria
for testing, laboratory methodology and strategy
for testing and possible bias in the study
(by inclusion of only the most responsive
laboratories). These factors raised concern of
under-ascertainment due to undiagnosed and
misdiagnosed cases and inaccurate estimates of


https://www.gov.uk/government/statistics/c-difficile-infection-monthly-data-by-prior-trust-exposure
https://www.nss.nhs.scot/publications/quarterly-epidemiological-commentary-for-the-surveillance-of-healthcare-associated-infections-in-scotland-methods-caveats/
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/clostridioidesdifficile/enhancedsurveillance/quarterlyreports/
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the overall burden of disease and highlighted the
need for international guidance.

The comprehensive ESCGD review of the
emergence of CDI in North America and Europe
(Kuijper et al. 2006b) specified for the first time a
case definition for CDI (including healthcare and
community association), provided advice on opti-
mal diagnostic testing and recommended that
each member state should develop systematic
and comprehensive surveillance systems in
order to detect, monitor and respond to changes
in the epidemiology of CDI (in particular ribotype
027) at both national and European levels. Fol-
lowing 2006, national surveillance systems were
developed or expanded in countries across
Europe.

In 2011, the European C. difficile Infection
Surveillance Network (ECDIS-net) surveyed the
national surveillance systems through a
web-based questionnaire and reviewed extant sur-
veillance protocols at the time. Of the
31 countries, 14 reported that 18 surveillance
systems were in place with some countries
reporting more than one CDI data collection sys-
tem (Kola et al. 2016). The majority were contin-
uous and prospective CDI surveillance;
11 countries used mandatory reporting, while
7 used voluntary reporting. Key features of the
surveillance systems varied widely with consid-
erable variation in case definitions, data collection
methods, reporting and availability of reference
typing. Of note only 12 countries used the ECDC/
Centres for Disease Control and Prevention
(CDC) case definition of CDI. More detailed
case definitions for community-associated/com-
munity-onset and healthcare-onset/healthcare-
associated CDI were used in nine systems, seven
of which were consistent with ECDC definitions,
while the remainder had different cut-off time
points for healthcare association. For 13 systems
a definition for severe disease was included, while
11 had a definition for recurrence, but both
definitions varied between countries, and not all
were consistent with ECDC definitions. Despite
the increasingly recognised role of CDI in com-
munity settings, few countries engaged general
practitioners in their surveillance systems.
Descriptive-enhanced patient data were only
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collected in six systems and death within
30 days in five. Reference typing was performed
routinely in 13/14 countries using various differ-
ent criteria for submission including the presence
of severe CDI, outbreaks or a more systematic
periodic collection of a representative sample of
cases. Finally, the reporting of the CDI burden
varied widely with the use of a non-standardised
denominators and stratification by geographical
region, healthcare facility or laboratory making
comparisons over time and between regions and
facilities difficult (Kola et al. 2016).

In 2017, surveillance systems in 33 European
countries were surveyed and reviewed again by
ESGCD (Krutova et al. 2018). Of the
33 countries, 20 reported having 24 national sur-
veillance systems for CDI, an increase from 2011
(see above). Many of the current national surveil-
lance systems still reported data only on
healthcare-associated CDI despite the growing
evidence of CDI occurring in community
settings. Multiple strategies for CDI surveillance
have developed across Europe. Most commonly,
as part of a national surveillance system for
healthcare-associated or hospital-acquired infec-
tion (Belgium, Denmark, Finland, Germany,
Hungary, Latvia, Lithuania, Norway, the UK
(England, Ireland, Northern Ireland, Scotland,
Wales)). Other approaches include laboratory-
based surveillance systems (Poland, Sweden)
sentinel surveillance (Luxembourg, the
Netherlands), early warning and response
systems (France, Slovakia), national infectious
disease and discharge registers (Finland), notifi-
able surveillance (Ireland, Slovenia) and
enhanced surveillance (Ireland, UK (Northern
Ireland)). Reporting of data included most com-
monly healthcare-associated CDI per patient
days, hospital admissions and/or population size.
Annual epidemiology reports were issued in 13 of
20 countries with national surveillance systems
(and in one country, Switzerland, based on
national reference laboratory data). Fewer
countries reported continuously on the burden of
community-acquired CDI (Hungary, Lithuania,
Luxembourg, Slovakia, Northern Ireland and
Scotland). Moreover, seven countries routinely
reported on severe CDI (Belgium, Finland,
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Fig. 3 Surveillance and NRLs in Europe. Reproduced from Krutova et al. (2018) (permission from Elsevier pending)

France, Germany, Ireland, the Netherlands, UK
(England)), and some included data on ICU
admission, surgery related to CDI and/or death
or death within 30 days of CDL

In the past decade, the national reference test-
ing capacity has expanded through the establish-
ment of national reference laboratories. In 2017,
26 of 33 countries indicated having a national
reference laboratory (NRL) (the UK (England)
and Hungary having two laboratories) or central
laboratory for typing and further investigation of
C. difficile isolates in support of the enhanced
surveillance option in the ECDC CDI surveil-
lance protocol (an increase from 13 NRLs in
2011). NRLs for C. difficile have been established
in some countries without national surveillance
systems for CDI. Reference typing support
provided by NRL included PCR-ribotyping in
all countries but 1 (Denmark used tandem repeat
sequence typing (TRST) instead) and multiple

locus variable-number tandem repeat analysis
(MLVA) typing in 14 countries, antimicrobial
susceptibility testing in 5 countries, toxino-typing
in 1 country (Slovenia) and whole-genome
sequencing (WGS) in 5 countries as outlined
below (Germany, the Netherlands, Portugal,
Sweden and Switzerland). Criteria for NRL
investigation most commonly included the pre-
sentation of severe disease and suspected
outbreaks. The overall combined capacity for
CDI surveillance and NRL typing support is
higher in Northern and Eastern parts of Europe
than in the Southern parts (see Fig. 3).

The most recent survey of compliance with
international guidance on testing and surveillance
for CDI was conducted in 2018-2019 in 12
European countries by the Combatting Bacterial
Resistance in  Europe CDI  consortium
(COMBACTE-CDI) (Viprey et al. 2023). Of
these countries, 11 had national surveillance
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programmes for CDI; 7 countries had continuous
monitoring in hospitals, 2 countries had periodic
monitoring, and 1 country had a temporary
programme only. Less than half of the countries
however (Belgium, Italy, Poland, Slovakia and
the UK) participated in the ECDC surveillance.
Most hospitals in the national surveillance
systems monitored hospital-diagnosed CDI
(40/47), while only a third of hospitals reported
cases diagnosed in other settings.

3 Clinical Suspicion
and Diagnostic Testing:
A Prerequisite for Surveillance

In the 1990s, a large number of diagnostic tests
for C. difficile became commercially available,
including faecal culture on selective media, detec-
tion of GDH (glutamate dehydrogenase) a
non-specific antigen, direct detection of toxin A
and B from stool using enzyme immune assay or
cytotoxicity assay (Delmee 2001), but system-
wide or national surveillance programmes
remained rare.

Stool assays for toxin A and B became quickly
the main clinical test for diagnosing CDI, while
stool cultures were used mainly for epidemiologi-
cal investigations (Kelly and LaMont 1998).
However, the majority of the available testing
methods were associated with either low sensitiv-
ity or specificity, or both (see also Chap. 4), and
some required culture facilities. Moreover, at that
time, there was no consensus across Europe in
terms of diagnostic testing and surveillance due to
the lack of guidance.

The attention given to diagnostic procedures
and surveillance of CDI varied widely between
countries. In 2008, with the support of ECDC, a
Europe-wide survey (involving 106 laboratories
in 34 countries) assessed the epidemic prepared-
ness and current CDI epidemiology aiming to
ultimately build capacity for diagnosis and sur-
veillance of CDI in each country (Bauer et al.
2011). The frequency of testing varied between
countries from 3 to 141 CDI tests conducted per
10,000 patient days, and a correlation between
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testing rate and CDI incidence was identified
resulting in North European countries reporting
the highest incidence rates.

Optimum laboratory diagnosis of CDI
depends on testing patients at the correct time
using appropriate testing methodology and strat-
egy. A point prevalence study in a multi-centre
setting in Spain evaluated 988 unformed stools
(from 897 patients) and found 66% of CDI
episodes were undiagnosed or misdiagnosed due
to lack of clinical suspicion (48%) or due to using
a non-sensitive test (19%) (Alcala et al. 2012). In
the Europe-wide point prevalence study
(EUCLID) conducted in 2012 and 2013, 7297
unformed stools (from 482 hospitals across
20 countries) were tested at a central laboratory
using the recommended two-step diagnostic algo-
rithm. In total, only 63% of unformed stools were
tested for C. difficile at the participating hospitals
and 23% of patients with positive samples were
misdiagnosed due to using an inadequate labora-
tory test. It was estimated that on a single day on
average 74 patients with diarrhoea due to
C. difficile in hospitals across Europe were not
diagnosed due to the lack of suspicion (Davies
et al. 2014). When using the optimised diagnostic
method (including a method to detect toxins in
faecal samples/recommend in European guid-
ance) to examine the isolates, the mean incidence
increased 2.4- to 2.9-fold relative to the reported
rates in both study measurements (e.g. from 7.3
cases to 17.2 cases per 10,000 patient bed days in
the second measurement). In addition, only 32%
of participating hospitals used the optimum diag-
nostic method at the first study measurement
(in 2011-2012), whereas this had improved at
the second study measurement (48% in
2012-2013).

In a more recent study, 3163 diarrhoeal
samples obtained, on 2 selected days, from
119 sites in 12 European countries (1 site per
3 million population) were tested, cultured and
typed centrally. Testing rates varied between
regions of Europe and between hospital and com-
munity settings. The testing (i.e. examination)
rates of diarrhoeal samples was 74.9% at
hospitals and only 29.6% in community settings.
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Among samples testing positive for C. difficile at
the central laboratory, C. difficile was not detected
by local sites in 16% of hospitals and 55% of
community samples. Reduced sampling and test-
ing rates were most pronounced in Eastern
European countries, which also had the highest
positivity rates (13.1% of all stools) and highest
prevalence of epidemic toxinotype IIIb strains
(ribotypes 027, 181, and 176), suggesting that
lack of suspicion and underdiagnosis lead to
outbreaks (K. Davies et al. 2020b).

Information collected in the ECDC surveil-
lance programme in 2016-2017 suggests that
large variation in stool testing frequency remains
in European hospitals—the mean being 96.1
stools tested per 10,000 patient days and the
median being only 38.6 stool tested per 10,000
patient days, as many hospitals tested infre-
quently for CDI (ECDC 2022). The impact of
testing frequencies has been studied in
COMBACTE-CDI in which very low levels of
testing were found to mask true CDI incidence
rates. When adjusting for variation in testing
rates, the true CDI incidence can be estimated
(K. Davies et al. 2020a). The highest reported
testing rates were observed in the UK in all
healthcare settings, and patients were tested for
CDI significantly earlier than those in other
countries with a mean 3 days between admission
and testing (compared to up to 9 days in other
European countries). The CDI incidence in the
UK has reduced significantly over the past
15 years during which testing frequency was con-
sistently high and patients were tested early on
after their admission.

The European Society of Clinical Microbiol-
ogy and Infectious Diseases (ESCMID)
recommended diagnostic testing algorithms were
used in 76.8% of hospital surveillance periods in
20162017 (ECDC 2022). Consistent with these
findings, the ESCMID-recommended testing
methodologies were used in 82% (86/105) of
hospitals across Europe (Viprey et al. 2023).
Moreover, non-recommended test methodologies
were used in countries reporting the highest inci-
dence of CDI. One-step testing setups using
molecular tests is less time-consuming than the
recommended two-steps algorithms and is
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available commercially as automated cartridge
systems. However, careful clinical evaluation of
patients who are positive by PCR alone is
required as relying solely on molecular
(PCR-based) diagnostics, without using a diag-
nostic algorithm, risks overdiagnosis,
counting cases and overtreatment. In a study of
hospitalised patients with suspected CDI,
complications and deaths only occurred in toxin-
positive patients, while patients with a combined
positive PCR-test and negative-toxin immunoas-
say test had clinical outcomes comparable with
those of non-infected patients (Polage et al.
2015). Germany has a relatively high incidence
of CDI compared with that of the UK and France,
which has been suggested to be related to a very
frequent use of non-toxin methods in Germany
(in 78.9% of surveyed hospitals) (K. Davies et al.
2020a).

over-

4 Whole-Genome
Sequencing-Based Typing
as a Tool for In-Depth Analysis
of the Epidemiology of CDI

In addition to applying appropriate testing
strategies and using optimum laboratory diagno-
sis of CDI, using an optimum method for typing
of isolates is instrumental in detecting changes in
the epidemiology, transmissions and outbreaks
and evaluating efforts to control spread of dis-
ease. PCR-ribotyping (often in combination with
multilocus variable-number tandem repeat analy-
sis (MLVA) typing for phylogenetic analysis) has
been the most-used reference testing method at
European NRLs for investigating epidemiologi-
cal questions since the mid-2000s. Capillary-elec-
trophoresis (CE) PCR ribotyping, allowing
comparison of PCR-fragments of known
ribotypes stored in a central database, is currently
considered gold standard for typing of C. difficile.
A standardised protocol for CE PCR-ribotyping
allowing comparison of typing data between
laboratories and transfer of data across
laboratories nationally and internationally was
developed and validated in 2015 (Fawley et al.
2015).
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However, PCR ribotyping even in combina-
tion with MLV A-typing still lacks sufficient dis-
criminatory power to distinguish between closely
related strains needed to investigate transmission
events and outbreaks and is unable to characterize
virulence and antimicrobial resistance genes,
determine relatedness to international clones and
microevolutionary events in epidemic and hyper-
virulent strains (Baktash et al. 2022; Janezic and
Rupnik 2019).

The utility and superiority of WGS-based typ-
ing of C. difficile as a novel surveillance and
investigative epidemiological tool have been
demonstrated in a number of studies on transmis-
sion, outbreaks and recurrent CDI (Janezic and
Rupnik 2019; Lim et al. 2020). Using
WGS-based surveillance over a 3-year period in
four hospitals, only 35% of isolates from hospital
patients were found to be related to strains of
previous hospital patients, while 45% of isolates
from patients were completely unrelated to
isolates of previous patients, which suggested
that other sources and reservoirs of C. difficile
play a role in the local epidemiology (Eyre et al.
2013a). Lower transmission rates (of 7-24%)
were observed in six hospitals 3 years later,
which was explained by the decrease in 027, as
this ribotype had the highest proportion (57%) of
related isolates (transmission events) among all
ribotypes (Eyre et al. 2017).

WGS-based analysis was used to investigate
elevated incidence rates of CDI in Northern
Wales. Despite variation in transmission rates
between three hospitals (11-27%), only 17% of
CDI could have been plausibly acquired from a
previous patient (transmission rates being within
the same range as the six English hospitals),
which could not explain the nearly double inci-
dence rates in North Wales compared to England.
Other predictors of transmission were examined
in risk factor analysis to explain the higher inci-
dence in North Wales, of which cephalosporin
exposure, healthcare exposure in the last
12 weeks and infection with ribotype 027 were
implicated (Eyre et al. 2019).

As many laboratories and NRLs now are
switching to WGS as their primary methodology,
WGS-based analysis has the potential to replace
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CE-PCR ribotyping as the main tool for in-depth
investigations of the epidemiology of C. difficile.

However, as the investigations from North
Wales showed, collection of epidemiological
information about the cases, medicines use and
healthcare facilities is essential to interpreting the
WGS data.

5 Benefits of National
Surveillance Programmes:
Experiences from The UK
and Ireland

5.1 C. difficile Infection in Ireland

In Ireland, CDI surveillance is coordinated by the

national public health surveillance centre (Health

Protection Surveillance Centre). New cases of

CDI have been a notifiable infectious disease

since May 2008, with recurrent CDI notifiable

since January 2012. A voluntary national-
enhanced CDI programme has been in place
since 2009 capturing data on CDI origin, onset
and severity, with 97% of all tertiary and general

hospitals taking part since quarter 1 of 2012.

Hospital-acquired CDI rates per 10,000 bed days

used (BDU) are a national key performance

indictor (KPI) since April 2014.

Aside from 2019, when a number of hospitals
reported hospital-associated outbreaks due to
ribotype (RT) 002, there has been a trend in
HA-CDI reduction with a concurrent rise in
CA-CDI. In 2021, the CDI national crude inci-
dence rate for new and recurrent CDI per 100,000
population was higher than that reported in 2020
(32.8 vs. 30.7; and lower than 39.0, the annual
mean of 2015-2019) (HSE 2022). As in previous
years, the majority of CDI was reported in people
over 65 years (65%). In the voluntary-enhanced
CDI, surveillance scheme HA-CDI represented
54% of all cases, equating to a national incidence
rate for new and recurrent HA-CDI, that
originated within the participating hospital, of
2.1 per 10,000 bed days used (BDU), which was
lower than that of 2020 (2.4), and of the
2015-2019 annual mean (2.4). Information on
the patient’s location at CDI symptom onset
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showed 46% of patients were in the community
and 11% were reported as healthcare onset in a
long-term care facility. Of community-acquired
CDI, 93% people experienced onset of symptoms
in the community outside of a healthcare facility
and without discharge from a healthcare facility
in the previous 12 weeks.

Until recently, Ireland lacked a national
C. difficile reference laboratory; hence, limited
national information on the epidemiology and
clinical consequences of circulating C. difficile
ribotypes was available. Only 22% of CDI cases
reported in 2021 had associated ribotyping data,
with 078 (16%), 014 (9%), 002 (9%), 020 (8%)
and 005 (7%) being the most common, similar to
recent years. Notably, the increase in ribotype
002 which had peaked at 33% of ribotyped
cases in 2019 has fallen back to historical levels
of 9% in 2021. A slow increase in the proportion
of cases with ribotype 020 year on year is evident,
which is at 8% of ribotyped cases in 2021 (6% in
2020, 4% in 2019). No cases of the virulent
ribotype 027 were detected in Ireland in 2021.

5.2 C. difficile Infection in the UK
Prior to the year 2000, data on C. difficile was
collected on a voluntary basis. In the UK, a steady
increase in laboratory reports was observed dur-
ing the 1990s (DH-HPA 2008). In England, this
was suggested to reflect a failure to implement
guidelines published in 1994, as well as the result
of increased testing and awareness of CDI, and an
increase in community-associated CDI (DH-HPA
2008).

The increasing CDI rates and emergence of
ribotype 027 precipitated the implementation of
mandatory national surveillance of CDI by
England, Wales and Northern Ireland in 2004
and by Scotland in 2006. Initially, the surveil-
lance programmes included only those aged
65 years and above but have since expanded to
include all ages except the very young (HPS
2017; Pearson 2009). Between 2003 and 2007,
several large hospital outbreaks of CDI occurred,
involving ribotype 027 (two in England and one
in Scotland), which brought CDI to the public
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attention (Careinspectorate 2014; HC 2006).
Among the many key findings and
recommendations contained within the critical
reports that followed was an acknowledgement
of a lack of appropriate surveillance mechanisms,
both locally and nationally, that could have
identified an outbreak, and the need for formal
communication channels to be in place to allow
information on CDI numbers and severity to be
quickly disseminated. These major incidents were
quickly followed by the setting of national targets
within the UK to reduce CDI rates by 30%
(Duerden 2011; SG 2012).

Around the same time as the UK was
implementing national surveillance schemes, the
ECDC and the US CDC produced
recommendations for surveillance of CDI
(Kuijper et al. 2006a; McDonald et al. 2007).
The publication of these documents enabled a
standardised surveillance case definition to be
developed as well as definitions for severe CDI,
recurrence, outbreaks and origin of infection that
could be used as necessary within a surveillance
programme. Shortly thereafter, evidence-based
recommendations for infection prevention and
control of CDI were published (Vonberg et al.
2008), with strong recommendations for the
implementation of routine surveillance of CDI,
including the setting of thresholds to identify
outbreaks, emphasis on the importance of early
diagnosis and awareness of changes in incidence
or severity of disease. The foundations were laid
for the development of a range of tools and
strategies to deal with the CDI epidemic
(DH-HPA 2008; HPS 2009).

Continuous and prospective surveillance at the
national level in healthcare and community
settings was mandated by governments in
England and Scotland and real-time ‘local sur-
veillance’ (by ward, unit or facility) to monitor
the number of cases, disease severity, surgery and
mortality rates with a duty for the multidisciplin-
ary clinical and infection prevention control team
to investigate the root cause of any anomalies or
‘exceedances’ identified at local level in order
rectify deficiencies in patient care and/or infection
control (DH-HPA 2008; HPS 2014). The height-
ened focus on local surveillance was a result of
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recommendations that emerged from
investigations of previous hospital outbreaks
(Careinspectorate 2014; HC 2006).

CDI incidence rates in the UK peaked during
2007/2008 and then rapidly declined over the
next few years (HPS 2014; McDonald et al.
2007; Vonberg et al. 2008). Between 2007 and
2010, significant reductions in the incidence rate
of CDI were observed in England (from 120 to
35 per 100,000 bed days, a decrease of 71%),
while there was a 78% decrease in the Scottish
incidence rate between 2007 and 2012 (from
150 to 29 per 100,000 bed days) (Duerden
2011; HPS 2013). Following the large reductions
observed in the early stages of the UK surveil-
lance programmes, the trend in CDI incidence
rates from 2013 onwards in the UK levelled off
and were relatively stable up to 2020, during
which the first wave of the COVID-19 pandemic
resulted in a decrease in the total number of
reported cases, though hospital-onset incidence
rates increased due to large decreases in the hos-
pital patient population (UKHSA 2022).

The most recent data from England for the
2021/2022 financial year shows reported CDI
cases to be at a 9-year high (14,248 cases), with
hospital-onset cases increasing over three consec-
utive financial years since 2018/2019 (from 12 to
16 cases per 100,000 bed days) (UKHSA 2022).
Similarly, Scotland reported an increase in
hospital-onset cases between 2020 and 2021
although the annual trend in hospital-onset inci-
dence rates does not appear to be increasing (15.7
compared to 15.1 per 100,000 bed days in 2020
and 2021, respectively) (ARHAI 2022, 2023).
Interpretation of these more recent trends is diffi-
cult as they occurred during the COVID-19 pan-
demic, and it is not yet certain what impact the
pandemic has had, and whether any changes
reflect long-term changes in the epidemiology of
CDI. Despite the observed increases in England,
the case numbers and incidence rates are still far
lower than the 2008 peak. Current data from
England and Scotland does not suggest any
underlying changes in ribotype distribution, and
the explanation for the more recent trends may lie
in differences in infection prevention and control,
antibiotic prescribing and CDI case ascertainment
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during a period where healthcare services are still
adjusting/recovering from changes introduced
during the pandemic (ARHAI 2022; UKHSA
2022).

In order to respond to the public health need
and to provide more detailed epidemiological
information on circulating strains of C. difficile,
a network of reference laboratories was
established in England (the Clostridium difficile
ribotyping network, CDRN) with collaborative
links to a single-reference laboratory in Scotland.
Investigations and isolate typing criteria focussed
on severe cases of CDI, clusters of cases and
unexplained increases in incidence in both
countries. In the first 3 years after establishing
these laboratory services, the prevalence of
ribotype 027 decreased markedly in England
(from 55% to 21%). This change in distribution
of ribotypes in England coincided with a 61%
reduction in reports of CDI cases (from 36,095
in 2008-2009 to 21,698 in 2010-2011) and a
decrease in reports of complications, including
mortality (Wilcox et al. 2012). Likewise, the
three major epidemic ribotypes 027, 001 and
106 were gradually replaced with other less prev-
alent ribotypes, while rates of CDI were reducing
in Scotland between 2008 and 2013 (Wiuff et al.
2011, 2014). In parallel with the relatively stable
CDI incidence rates since 2013, prevalence rates
for individual ribotypes have also shown little
fluctuation with ribotypes 002, 005, 014, 015,
020, 023 and 078 now predominating in the UK
(ARHAI 2022; PHE 2019). The timely provision
of ribotype information to infection prevention
and control teams may have facilitated the
targeting of interventions and resources to high-
incidence settings (PHE 2019; Wilcox et al.
2012). However, this also needs to be viewed in
the context of a heightened awareness and an
improved understanding of the need for clinical
vigilance and aggressive interventions at a time
when CDI incidence and mortality rates in
hospitals were much higher.

The overall decrease in CDI has been
attributed to a multidisciplinary approach includ-
ing evidence-based guidance for the treatment
and management of CDI patients, restrictive anti-
microbial stewardship policies and, arguably, due
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to the government targets for reducing CDI
(Duerden 2011; Lawes et al. 2017; Nathwani
et al. 2011). Newer evidence suggests a stronger
role for antimicrobial stewardship within CDI
control programmes, with a 2017 study by Dingle
et al. showing a correlation between restrictions
of fluoroquinolone use in hospitals and the com-
munity and the significant declines in CDI inci-
dence rates observed in the early period of
surveillance in England (Dingle et al. 2017).
WGS demonstrated that the development of fluo-
roquinolone resistance occurred prior to the
appearance of the most prevalent genotypes of
that period. These resistant types then experi-
enced the most significant declines compared to
fluoroquinolone-susceptible isolates, the latter of
which did not appear to be markedly affected by
improved infection control policies. A prominent
role for restricting fluroquinolones on CDI inci-
dence (as opposed to infection control measures)
was also highlighted in a Scottish study by Lawes
et al. (Lawes et al. 2017), which found that reduc-
ing fluroquinolones in conjunction with other 4C
antibiotics (cephalosporins, clindamycin and
co-amoxiclav) reduced C. difficile prevalence
rate by 68% in hospitals and 45% in the community.

The establishment of mandatory surveillance
systems across the UK driven by government
policy was instrumental to the development of
standardised, evidence-based diagnostic testing
and expansion of national reference laboratory
services. The success of the UK surveillance
programmes has undoubtedly been due to the
rapid and joined up development of diagnostic
and surveillance capability and capacity, with
coverage of all healthcare settings.

Standardised national surveillance
programmes are crucial to enable the monitoring
of trends within and between countries, as well as
facilitating the monitoring of interventions for
improving care and outcomes of CDI patients.
Central to all of this has been the adoption within
the UK national surveillance programmes of
standardised protocols for sampling, testing, typ-
ing of isolates, reporting and feeding back data in
management structures. This has resulted in more
solid reporting and accountability structures that
lead to rapid responses to increases in CDIL.
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6 Epidemiological Sentinel
Surveillance

A ribotyping-based  sentinel  surveillance
programme was developed in Scotland to monitor
the circulating strains of C. difficile in healthcare
and community settings to complement the
national mandatory surveillance of CDI cases
and reference typing of isolates from severe
cases and suspected outbreaks (Banks et al.
2016). The Scottish sentinel programme, which
is now integral to the national UK surveillance
programme, has helped understand changes in the
epidemiology of endemic and hypervirulent strain
types and flagged potential clusters by ribotyping
a representative number of isolates from each
healthcare region on a quarterly basis.

In Denmark, surveillance efforts began follow-
ing a number of smaller and larger outbreaks of
ribotype 027 in 2006-2009 (Bacci et al. 2009;
Soes et al. 2009). However, surveillance efforts
were concentrated on detecting ribotype 027 and
other binary toxin-positive strains due to guid-
ance by the Danish Health Authority in 2008
asking the clinical laboratories only to submit
isolates to the NRL if consistent with (a) binary
toxin-positive or (b) presence of severe clinical
manifestations or (c) part of an outbreak. As a
result of these national requirements and a
healthcare system with autonomous regions, an
NRL-typing-based sentinel surveillance became
the main national monitoring system for CDI
alongside access to a national available database,
Healthcare-Associated ~ Infections = Database
(HAIBA), holding laboratory results from all
laboratories in the country. The European
recommended diagnostic testing algorithms,
case and surveillance definitions were not
implemented at a national level.

In 2016, a typing-based sentinel surveillance
was developed centrally by the Danish NRL
(at Statens Serum Institut) to monitor all clinically
relevant strain types. In the sentinel surveillance,
all laboratories are assigned 2 months a year (one
in spring and one in autumn), where they submit
all toxigenic isolates detected locally to the NRL
(Persson et al. 2022). Initially, sequence types
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were inferred from tandem repeat sequence typ-
ing (TRST), but from 2018 and onwards, all
isolates have been analysed by WGS using core
genome multi-locus sequence typing (cgMLST).
The sentinel surveillance system has allowed tem-
poral analysis by investigation of 15% of all
national cases of CDI and has detected regional
and temporal differences. Over a 4-year period,
binary toxin-negative strains have gradually
replaced binary toxin strains and increased from
70% to 79.5% of all strains, and the overall diver-
sity of strain has increased. Moreover, outbreaks
and transmission events among all strain types are
now investigated routinely. As in many other
European countries, incidence rates have declined
in Denmark during the past 8 years as a result of
improved infection prevention and control
measures and restriction of antimicrobial use,
but the epidemiology is monitored nationally by
a typing-based sentinel surveillance system rather
than case-based epidemiological surveillance.

7 European CDI Surveillance
at the ECDC

A European pilot study of surveillance of CDI
carried out by ECDIS-Net in 2013, including
37 hospitals in 14 countries, demonstrated the
feasibility of coordinated and standardised
European CDI surveillance (van Dorp et al.
2016). Participating hospitals could choose
between three options for CDI surveillance from
a ‘minimal’ (aggregated numerator and denomi-
nator hospital data), ‘light’ (including individual
patient data for CDI cases and aggregated denom-
inator data) to an ‘enhanced’ option (including
collection data on patient comorbidity and char-
acterization of isolates).

Following on from this, ECDC developed the
European Surveillance of Clostridium difficile
infections surveillance protocol 2.1 (2015)
addressing disease specific aspects, case
definitions, criteria for inclusion and exclusion
of cases and specifics of the three optional sur-
veillance systems. The first European protocol
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has been superseded by subsequent versions, the
most recent version being 2.4 (ECDC 2019).

The ECDC CDI protocol is aimed at
‘providing a tool for hospitals and countries to
estimate the incidence of CDI; to assess the bur-
den of adverse outcomes of CDI, including mor-
bidity and mortality; and to describe the
epidemiology of C. difficile at the local, national
and European level’. The protocol specified three
surveillance options (minimal, light or enhanced
monitoring): the minimal option collecting only
hospital-level — aggregate  numerators and
denominators, the light option also collecting
case-based numerators including mortality and
the enhanced option that links epidemiological
and microbiological data on at least the first five
cases with case-based data (current version 2.4)
(ECDC 2019). The linkage of individual epide-
miological case-data with microbiological typing
data in the enhanced surveillance option of the
ECDC protocol will potentially permit faster
identification of new highly virulent strains.
Regardless of the surveillance option used,
ECDC recommends continuous incidence sur-
veillance of CDI for a period of 12 months
(ECDC 2022).

To date, data from the European CDI surveil-
lance system has been reported and published
only for the years 2016-2017 (ECDC 2022) in
which 23 countries/administrations provided data
suitable for analysis (including separate data sets
from devolved UK administrations in Wales,
England and Scotland), although only
14 countries contributed data in both years. Key
data from this report are also summarized above
(see Sect. 1: ‘Epidemiology of CDI in Europe’).

Comparison of the countries participating in
the European surveillance programme (ECDC
2022) with the participants of the 2017-
surveillance capacity survey (Krutova et al.
2018) suggests divergent priorities and lack of
harmonization of CDI surveillance efforts within
countries and across Europe. A gap in publicly
available European epidemiological CDI data has
developed since the issuing of the first ECDC
CDI report in 2020 possibly as a result of
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competing priorities under the COVID-19 pan-
demic. It is also unknown how the pandemic has
affected CDI surveillance efforts and protocols in
the individual European countries and the inter-
national collaborations aiming at obtaining com-
parable epidemiological data.

8 The Need for European
Surveillance of CDI

The suite of guidance documents on CDI
diagnostics, infection prevention and control and
treatment developed by ESGCD and supported
by ESCMID has provided the evidence platform
for the development of European surveillance of
CDI now undertaken and coordinated by ECDC.

Suboptimal ~ laboratory  diagnostics, a
continued lack of consensus on optimal testing
methodology for CDI and availability of typing
across Europe have led to underdiagnosis and
impeded comparison between  countries.
Underestimation of CDI has also resulted from a
deficiency in uniformity of case definitions, clini-
cal algorithms and recognition among clinicians
of when to suspect CDI. These inconsistencies
have prevented the true burden of disease from
being appreciated. The international surveys
reviewed above highlighted again variation in
awareness and capability and capacity to diag-
nose, sub-type, report, collect patient risk factor
data and monitor CDI across Europe. Although
the overall capability and capacity for monitoring
and investigating CDI isolates has increased
tremendously across Europe over the last
20 years, there is still scope for improvement
and standardisation of diagnostic and surveillance
setups in many countries. This will enable
countries to monitor their national situation,
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compare trends over time and with other countries
and prevent new global epidemics of hyperviru-
lent types of C. difficile. The ESCMID guidance
and ECDC surveillance protocol provides a com-
prehensive evidence base for diagnosing and
monitoring CDI in European countries and in
Europe as a whole. Key steps to optimize and
standardise CDI surveillance are listed in Table 1.

The future collection of a FEuropean
standardised data set on CDI (annually or 3-5
yearly) will strengthen and consolidate national
surveillance systems and prevent deterioration of
established surveillance in the individual
countries and declining participation in the
European surveillance programme through provi-
sion of a standardised approach. European guid-
ance currently addresses nearly all aspects of
national surveillance for CDI except for public
health governance details (e.g. mandatory surveil-
lance, quality improvement indicators and targets
for reduction of CDI) (see Table 1).

In countries where large reductions in CDI
incidence have been achieved, comprehensive
national surveillance programmes have been a
key driver in the standardisation of diagnostic
approach, sampling and reporting practices and
in developing coordinated approaches and
resources to infection prevention and manage-
ment of CDI by highlighting the evolving epi-
demic of CDIL.

Additional benefits could be achieved from the
introduction of WGS to investigate clusters,
cross-transmission routes, emergence of new
hypervirulent strains and global epidemiology
(Eyre et al. 2013b; Eyre and Walker 2013;
Fawley et al. 2011).
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Table 1 Steps in optimising and standardising surveillance of CDI and availability of European guidance

Steps in optimising and standardising CDI surveillance

Criteria for testing patients (including diarrhoea and faecal samples)
Use of recommended two-step diagnostic C. difficile, a two-step testing algorithm

including a toxin-based method

Inclusion of healthcare facilities in monitoring (primary, secondary and tertiary

sectors)

Options for use of CDI case data (laboratory data combined with patient

information):

(a) Minimal surveillance

(b) Light surveillance

(c) Enhanced surveillance

Mandatory vs. voluntary reporting of CDI data
Public health targets for improvement
Prospective and continuous surveillance of CDI

Reporting of healthcare-associated CDI according to definition (including

community-onset and healthcare-onset cases)

Reporting of community-associated CDI according to definition

Reporting of severe disease according to definition
Reporting of recurrent disease according to definition

Reporting of complicated course of CDI according to definition (including
admission to ICU, surgery for CDI, admission to healthcare facility for treatment

CDI)
Reporting of death according to definition
National targets for driving the reduction of CDI

Use of national reference laboratory ribotyping (and MLVA) typing data
Use of WGS-based typing data for national and international comparisons

Recommendations for
standardization by ECDC

Yes
Yes

Yes

Yes

No
No
Yes
Yes

Yes
Yes
Yes
Yes

Yes
No
Yes
Yes (in other document)®

Use of sentinel surveillance for monitoring circulating strains No

Covered in European Centre for Disease Prevention and Control. ECDC strategic framework for the integration of
molecular and genomic typing into European surveillance and multi-country outbreak investigations—2019-2021.

Stockholm: ECDC; 2019

9 Conclusion

Significant reductions in CDI have been reported
in countries across Europe, but surveillance
activities in individual countries have slowed
down during the COVID-19 pandemic as
resources were diverted to the global health crisis.
A renewed and strengthened focus on CDI sur-
veillance and prevention is therefore urgently
needed post COVID-19.
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Abstract

Diagnosis of Clostridioides difficile infection
(CDI) can be challenging. First of all, there has
been debate on which of the two reference
assays, cell cytotoxicity neutralization assay
(CCNA) or toxigenic culture (TC), should be
considered the gold standard for CDI detec-
tion. Although the CCNA suffers most from
suboptimal storage conditions and subsequent
toxin degradation, TC is reported to falsely
increase CDI detection rates as it cannot dif-
ferentiate CDI patients from patients asymp-
tomatically colonised by toxigenic C. difficile.
Several rapid assays are available for CDI
detection and fall into three broad categories:
(1) enzyme immunoassays for glutamate dehy-
drogenase, (2) enzyme immunoassays or
single-molecule array assays for toxins A/B
and (3) nucleic acid amplification tests
detecting toxin genes. All three categories
have their own limitations, being suboptimal
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specificity and/or sensitivity or the inability to
discern colonised patients from CDI patients.
In light of these limitations, multi-step algo-
rithmic testing has been advocated by interna-
tional guidelines (IDSA/SHEA and ESCMID)
in order to optimize diagnostic accuracy. As a
result, a survey performed in 2018-2019 in
Europe revealed that most of all hospital sites
reported using more than one test to diagnose
CDI. CDI incidence rates are also influenced
by sample selection criteria, as several studies
have shown that if not all unformed stool
samples are tested for CDI, many cases may
be missed due to an absence of clinical suspi-
cion. Since methods for diagnosing CDI
remain imperfect, there has been a growing
interest in alternative testing strategies like
faecal microbiota biomarkers, immune
modulating interleukins, cytokines and imag-
ing methods. At the moment, these alternative
methods might play an adjunctive role, but
they are not suitable to replace conventional
CDI testing strategies.

1 Introduction

Diagnosis of Clostridioides difficile infection
(CDI) is challenging, as there is no optimal labo-
ratory assay and even no universal reference test.
Due to imperfect assays, combinations of assays
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Table 1 Available assays for CDI detection. CDI Clostridium difficile infection

Type of assay Target of detection

Culture C. difficile
Glutamate dehydrogenase
enzyme immunoassay (GDH
EIA)

Toxins A/B enzyme
immunoassay (Tox A/B EIA)
Nucleic acid amplification test

Toxins A and B

(NAAT) deletion in tcdC
Cell cytotoxicity neutralization Toxin B
assay (CCNA)

Toxigenic culture (TC)

to optimize their performance have been pro-
posed. However, diverse testing strategies are
applied across laboratories. These diverse testing
strategies may impact CDI incidence rates. In
addition to the conventional testing
methods (Table 1), alternative methods are some-
times applied either to diagnose CDI or as an aid
to predict severity. Here, we will describe the
diverse testing strategies with their advantages
and limitations and clinical relevance.

2 Reference Tests

The diagnosis of CDI relies on one of two
approaches: demonstrate the presence of toxins
responsible for the clinical manifestations of CDI
or demonstrate the presence of C. difficile which
is capable of producing toxins, the so-called toxi-
genic C. difficile (Planche and Wilcox 2011). The
reference test for detection of toxins in stools is
the cell cytotoxicity neutralisation assay (CCNA)
(Burnham and Carroll 2013; Planche and Wilcox
2011). For CCNA, stool sample filtrate is
inoculated onto an in vitro cell monolayer, using
cell lines such as Vero cells, HeLa cells, human
foreskin fibroblast cells or Hep-2 cells. At 24- and
48-h intervals, these cultures are evaluated for the
characteristic rounding effect engendered mainly
by toxin B. Reversal of this effect by toxins A and
B antitoxin (either C. sordellii or C. difficile anti-
serum) demonstrates the roles of toxins in induc-
ing the cytopathic effects observed, and thus its

Glutamate dehydrogenase

TcdB and/or TcdA genes, sometimes cdt and

C. difficile and thereafter in vitro toxin
production by Tox A/B EIA, NAAT or CCNA

Detected condition
C. difficile colonisation, can be
CDI

C. difficile colonisation, can be
CDI

CDI (above 1 year of age, after
exclusion of other causes)
Toxigenic C. difficile
colonisation, can be CDI

CDI (above 1 year of age, after
exclusion of other causes)
Toxigenic C. difficile
colonisation, can be CDI

presence (Burnham and Carroll 2013; Delmee
2001). Although toxin B is primarily detected in
this assay, toxin A is also detected to some extent.
The reference test for detection of toxigenic
C. difficile is toxigenic culture (TC) (Burnham
and Carroll 2013; Planche and Wilcox 2011).
For TC, stool samples are inoculated onto selec-
tive media and incubated for at least 48 h (Hink
et al. 2013). Colonies suspected of being
C. difficile, by, e.g. gramme staining, colony mor-
phology, odour or more sophisticated techniques,
are isolated and identified by matrix-assisted laser
desorption ionization time of flight mass spec-
trometry (MALDI-TOF MS). MALDOI-TOF
has also been tested a rapid method to diagnose
the so-called hypervirulent C. difficile PCR
ribotype 027 by specific peptides (Corver et al.
2019; Flores-Trevino et al. 2019). The toxigenic
potential is assessed by testing for in vitro toxin
production via the aforementioned CCNA, by
enzyme immunoassays (EIA) for toxins A/B or
by testing for toxin-producing genes via nucleic
acid amplification tests (NAAT) (Burnham and
Carroll 2013; Persson et al. 2008).

During the last years, there has been debate on
which of these two reference tests represents true
disease, as the CCNA detects in vivo toxins,
while TC detects in vitro toxin production
(T. Planche and Wilcox 2011). There is a growing
body of evidence demonstrating that toxigenic
strains are often carried asymptomatically (Kyne
et al. 2000; Loo et al. 2011). TC is not able to
make a distinction between asymptomatic
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carriage of toxigenic C. difficile strains and true
infection. Studies have shown that patients with
positive CCNA or Tox A/B EIA have a worse
prognosis than patients who test only positive in
TC, indicating that this latter category may actu-
ally be colonised patients instead of patients with
true CDI (Alonso et al. 2022; Planche et al. 2013;
Polage et al. 2015). Although CCNA may there-
fore better reflect true CDI, it is this reference test
that suffers most from lack of standardization and
suboptimal storage or collection conditions of
faeces, thereby possibly generating false-negative
results. Both reference tests are laborious and
expensive and require trained personnel. There-
fore, easy-to perform rapid assays have been
developed. These include enzyme immunoassays
for GDH, enzyme immunoassays for toxins A/B,
and during the last decade, NAATs for toxin
genes have become available. Given their ease
of use and rapid turnaround time, these rapid
tests have become the mainstays of CDI diagnosis
in a clinical setting.

3 Rapid Assays

Reference methods are accurate, but the lengthy,
specific requirements of faeces collection and
storage (degradation), laborious nature of such
testing precludes its application in a clinical
setting. Rapid tests are ideally suited for clinical
use, but each suffers from its own shortcomings.
Tox A/B EIAs directly detect free toxins in stools
and are therefore believed to correlate to clinical
symptoms (Polage et al. 2015). They are rela-
tively cheap and easy to use. However, sensitivity
of Tox A/B EIAs is suboptimal, also strongly
dependent on storage time and storage tempera-
ture. Compared to CCNA, pooled sensitivity of
Tox A/B EIA was 83%. In comparison to toxi-
genic culture, pooled sensitivity of Tox A/B EIA
was as low as 57%. Pooled specificity of Tox A/B
EIAs was however reported to be as high as 99%,
both compared to CCNA and TC (Crobach et al.
2016).

In 2018, a new highly sensitive ‘single-mole-
cule array assays (SIMOA)’ for detection of
C. difficile toxin in stool samples was assessed
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relative to positive glutamate dehydrogenase
(GDH) screen and cell cytotoxicity neutralizing
assay (CCNA) (Banz et al. 2018). The SIMOA
toxin A and toxin B assays showed very low
limits of detection of 0.6 and 2.9 pg/ml, respec-
tively, and detected toxins in 24% more samples
than the high-performing toxin EIA. However,
another study performed in 2019 concluded that
the assay was not specific enough to diagnose
CDI and did not differentiate an individual with
CDI from one with asymptomatic carriage
(Pollock et al. 2019). Interestingly, when the test
was only used for patients with proven CDI, stool
concentration correlated with severe baseline dis-
ease, severe CDI-attributable outcomes and recur-
rence (Alonso et al. 2022; Sandora et al. 2023).
Though test performance may improve by setting
a new threshold for a positive test result, new
studies are lacking and the test has not been
marketed.

GDH ElAs are relatively easy to perform and
cheap. They detect glutamate dehydrogenase, an
enzyme that is produced by both toxigenic and
non-toxigenic C. difficile strains. GDH is a meta-
bolic enzyme that converts glutamate to
a-ketoglutarate and is commonly presents in
many eukaryotes and microbes including
C. difficile and other Clostridium species. GDH
EIAs are sensitive (pooled sensitivity compared
to CCNA and TC 94% and 96%, respectively)
(Crobach et al. 2016). However, they cannot
make a distinction between the presence of toxi-
genic or non-toxigenic strains and are thus less
specific to detect true disease. This was
demonstrated by a specificity of only 90% in
comparison to CCNA (Crobach et al. 2016).
Rapid GDH assays can be used to rule out
CCDI, with subsequent reduction in patient isola-
tion time (Doolan et al. 2023; Vogelzang
et al. 2020); however, other infectious causes of
diarrhoea may also require isolation.

NAATs include PCR assays, helicase-
dependent amplification assays and loop-
mediated isothermal amplification assays. Most
of these assays target conserved regions within
the gene for toxin B (tcdB), although some target
a highly conserved sequence of the toxin A gene
(tcdA). Assays that detect the ribotype 027/NAP1
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strain (and related ribotypes) are also available;
these detect the genes for binary toxin (cdf) and
the deletion at nucleotide 117 on the regulatory
gene tcdC.

NAATS are sensitive (sensitivity compared to
CCNA and TC 96% and 95%, respectively)
(Crobach et al. 2016). As they only detect toxi-
genic strains instead of all C. difficile, they are
more specific than GDH EIA (specificity com-
pared to CCNA and TC 94% and 98%, respec-
tively) (Crobach et al. 2016). However, NAATSs
only detect the presence of toxin genes and hence
the toxin producing capacity of C. difficile. There-
fore, a major drawback of NAAT is that in addi-
tion to CDI cases, it will also detect asymptomatic
carriers of toxigenic C. difficile (Crobach et al.
2018Db). In the past years, there has been a focus
on the predictive value of the PCR-cycle thresh-
old. Low-cycle threshold correlates with the pres-
ence of free toxin (Crobach et al. 2018a; Davies
et al. 2018; Senchyna et al. 2017). PCR-cycle
threshold has also been proposed to correlate
with clinical course of patients with CDI,
i.e. lower threshold may be associated with severe
disease and poor outcome (Davies et al. 2018;
Jazmati et al. 2016; Reigadas et al. 2016). It is
important to realize that thresholds may differ per
PCR platform and test (Doolan et al. 2021).
Reporting PCR results with an interpretation
(or predicted presence of free toxin) based on
cycle threshold may help clinicians to identify
patients at higher risk for CDlI-related
complications and reduce overtreatment of CDI
(Hitchcock et al. 2019). So there is a role for PCR
cycle to help establish the diagnosis of CDI,
though the relative low sensitivity and specificity
for prediction of free toxin status remain problem-
atic and ROC-AUC for the prediction of mortality
is insufficient (0.568) (Crobach et al. 2018a;
Davies et al. 2018). Therefore, when using
NAAT only, cycle threshold may help to estab-
lish the diagnosis of CDI, but clinical judgment
remains essential (Doolan et al. 2021).

Since 2019, various commercially available
NAATSs have been developed and implemented
in routine diagnostics of CDI, often without suffi-
cient information on targets and included primer
sets. Since some C. difficile belong to ‘cryptic
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clades’ and contain divergent pathogenicity
locus (Paloc) sequences, diagnostic tests may
fail, as demonstrated in a patient with severe
pseudomembranous colitis and negative Cepheid
Xpert C. difficile BT (XCBT) assay due to
C. difficile PCR ribotype 151 (cryptic clade C-2)
(Ducarmon et al. 2022). Therefore, vigilance
towards C. difficile infection as a result of cryptic
clade isolates and regular critical evaluation of
NAAT testing results is warranted.

4 Recommended Testing
Algorithms

Although it would be the easiest to use one of the
rapid assays for CDI detection in daily practice,
this will falsely impact CDI detection rates. First
of all, GDH EIA and NAAT results do not
directly correlate with clinical symptoms possibly
leading to overdiagnosis of CDI. Second, all of
these three tests, even the very specific Tox A/B
EIAs, are not specific enough to be used as a
stand-alone test (Crobach et al. 2016). Namely,
most of the samples submitted for CDI testing
will not have the disease. Assuming a CDI preva-
lence rate of 5% among submitted samples, posi-
tive predictive values of the most specific assays
(Tox A/B EIA) range from 69 to 81%, indicating
that 19-31% of samples with a positive test result
do not have the disease (Crobach et al. 2016).

In light of these limitations of the rapid assays,
common guidelines for CDI diagnosis put forth
by the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) and the Soci-
ety for Healthcare Epidemiology of America/the
Infectious Diseases Society of America (SHEA/
IDSA) recommend the use of multistep algorith-
mic testing to maximize diagnostic accuracy
(Fig. 1) (Crobach et al. 2016; McDonald et al.
2018). The premise of this strategy is sequential
testing that most efficiently uses molecular tests’
different strengths. First, stool samples are
screened by a sensitive test. According to both
guidelines, this could either be either be GDH
EIA or NAAT (Crobach et al. 2016; McDonald
et al. 2018). The high sensitivity of these tests
provides them a high negative predictive value
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Fig. 1 Algorithms for CDI a
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testing as recommended by
ESCMID guidelines. (a)
GDH or NAAT-Tox A/B

Highly sensitive test: NAAT or GDH EIA

Step 1:

algorithm, (b) GDH and
Tox A/B-NAAT/TC
algorithm. CDI Clostridium
difficile infection, GDH

Positive test result

Negative test result

glutamate dehydrogenase, Step 2: No further testing required:
NAAT nucleic acid Highly specific test: CDl is unlikely to be
amplification test, TC Toxin A/B EIA present

toxigenic culture, Tox A/B
toxin A/B, EIA enzyme
immunoassay.

Figure reprinted from
Crobach et al., CMI

Positive test result

Negative test result

2016;22:S63, https://doi. - :
org/10.1016/j.cmi.2016.03. CDl is likely to Clinical Step 3 (optional):
010, available under a be present evaluation: CDI [-> Perfo_rm TC or NAAT (in
Creative Commons or carriage of case first test was a GDH
Attribution- (toxigenic) C. EIA)
NonCommercial- difficile is

NoDerivates License possible

(CC BY NC ND), https://

creativecommons.org/

licenses/by-nc-nd/3.0/ b

legalcode

Highly sensitive test: GDH and Tox A/B

Step 1:

EIA

Both negative

GDH positive, Tox L
AJB negative Both positive

No further testing
required: CDlI is
unlikely to be present

No further testing
required: CDlI is likely to
be present

Step 2 (optional):
NAAT or TC

Negative test result

Positive test result

CDlI is unlikely
to be present

Clinical
evaluation: CDI
or carriage of
(toxigenic) C.

(NPV) with which to be reasonably confident that
a negative test is in fact indicative of no CDI. In
this manner, a large proportion of diarrhoeal cases
can be quickly ruled out for CDL. If the first test is
positive, reflex testing occurs by Tox A/B EIA
(Crobach et al. 2016; McDonald et al. 2018), a
test of high specificity with a correspondingly
high positive predictive value (PPV) as it is now
used in selected samples with a higher pre-test

difficile is
possible

probability of CDI. Thus, a positive result on this
second test is likely indicative of CDI. In the
event of a positive first test and a negative second,
the result is considered an ambiguous one in need
of resolution by clinical evaluation or further
testing, e.g. via TC. In the ESCMID guidelines,
an alternative algorithm starting with both GDH
and Tox A/B EIA in the first step, optionally
followed by TC or NAAT in the case of
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ambiguous results, is mentioned as a suitable
equivalent (Crobach et al. 2016). The 2021
update of the American College of Gastroenterol-
ogy guideline now has adopted the ESCMID
recommendation for a two-step testing algorithm
(Kelly et al. 2022). The 2017 IDSA/SHEA guide-
line accepts NAAT testing only, provided there
are pre-agreed institutional criteria for patient
stool submission (McDonald et al. 2018). The
2021 update of the ESCMID treatment guidance
document acknowledges in the definition of CDI
that some laboratories use NAAT only but warns
against overdiagnosis of CDI (van Prehn et al.
2021).

The gains in diagnostic accuracy achieved by
such algorithmic testing are substantial. It was
calculated that in a typical endemic setting of
5% CDI prevalence among submitted samples,
PPV and NPV of the most accurate algorithm,
NAAT followed by Tox A/B EIA, are 98.5 and
98.9%, respectively. In comparison, PPV and
NPV of standalone NAAT are 45.7 and 99.8%,
respectively; PPV and NPV of standalone Tox
A/B EIA are 814 and 99.1%, respectively
(Crobach et al. 2016).

Algorithmic testing does have its own draw-
back: increased turnaround time. While patients
with a negative result can quickly be ruled out for
CDI, actually establishing a CDI diagnosis
requires two positive tests, inevitably requiring
more time, especially if CCNA is used as the
second test as recommended by IDSA/SHEA
guidelines. This is a non-trivial drawback, as it
has been shown that decreasing the time to diag-
nosis positively affects patient outcomes (Barbut
et al. 2014). Numerous studies have found an
association between low CT values and toxin
presence or outcome (Chung and Lee 2017,
Dionne et al. 2013; Jazmati et al. 2016; Kaltsas
et al. 2012; Leslie et al. 2012; Reigadas et al.
2016). Efforts have been made to address the
longer turnaround time of algorithms by examin-
ing whether quantitation of NAAT results by
cycle threshold (CT), the point during a PCR
when product begins being fluorescently detect-
able that serves as an indirect measure of the
starting number of DNA copies in a sample, can
be used by itself to establish a CDI diagnosis
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(Senchyna et al. 2017; Crobach et al. 2018a).
Although studies indicate that NAAT CT values
can be used to predict the toxin status, the rela-
tionship between the two is not strong enough to
negate the need for toxin testing by a second test
at his moment (Senchyna et al. 2017; Crobach
et al. 2018a). For now, the increased turnaround
time of algorithms must be accepted, as
algorithms seem to represent the most accurate,
clinically implementable testing strategy for CDI
diagnosis. A 2018-2019 European survey
showed that a two-step testing algorithm is
increasingly being implemented, as the percent-
age of hospital sites that used an ESCMID-
recommended diagnostic algorithm had increased
to >80% (Viprey et al. 2023). Yet, low compli-
ance with diagnostic testing guidelines continued
to be reported in some countries.

Although TC is not an efficient method for
screening large numbers of diarrhoeal samples
for potential CDI, it nevertheless remains an
important technique for laboratories to be able to
carry out. Isolating C. difficile by TC serves sev-
eral post-diagnostic purposes. These include anti-
microbial susceptibility testing and molecular
typing of isolates. For molecular typing, pulsed-
field gel electrophoresis (PFGE) was considered
the standard method in North America, with the
resulting banding patterns described as ‘North
American pulse-field” (NAP) types (Killgore
et al. 2008; Kristjansson et al. 1994). In Europe
PCR ribotyping is most commonly applied, with
the resulting patterns described as PCR ribotypes
(Bidet et al. 1999; Stubbs et al. 1999). Reference
laboratories in Canada and the USA have also
applied PCR ribotyping, using a standardized
protocol for capillary-electrophoresis PCR
ribotyping (Fawley et al. 2015). While PFGE
and PCR ribotyping have been adopted as the
choice for surveillance purposes, additional typ-
ing methods like multilocus variable-number of
tandem-repeat analysis (MLVA), multilocus
sequence typing (MLST) and whole-genome
sequencing (WGS) are of use for outbreak
investigations (Knetsch et al. 2013; Maiden
et al. 1998; van den Berg et al. 2007). Core
genome MLST is a WGS-based approached that
has the potential to be a future alternative to
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ribotyping for surveillance purposes (Janezic and
Rupnik 2019; Baktash et al. 2022). Furthermore,
TC may be needed to resolve discrepant results of
algorithmic testing where C. difficile is detected
by GDH EIA or NAAT but toxin is not. A posi-
tive TC result rules out a false-positive GDH
EIA/NAAT result in these patients. In that case,
clinical evaluation is needed; these patients can
either be CDI patients with a false-negative Tox
A/B EIA result due to low toxin levels or degra-
dation of toxins, or C. difficile carriers.

5 Selection of Stool Samples

Testing for CDI should only be performed on
unformed stools as the presence of clinical
symptoms is a prerequisite to diagnose CDI
(Cohen et al. 2010; Crobach et al. 2016; Surawicz
et al. 2013). However, it can be difficult to assess
which unformed stools should be tested. A large
study in 482 hospitals across 20 European
countries showed that 23% of samples positive
for CDI were not diagnosed by the local hospital
because of an absence of clinical suspicion
(Davies et al. 2014). It was reported that mostly
younger patients and patients who are not
hospitalized or have been hospitalized for <3
days are inadvertently not tested for CDI (Alcala
et al. 2012; Davies et al. 2014). In general prac-
tice, CDI is also often missed due to lack of
suspicion, as was shown in a study among
12,714 unformed stool samples (Hensgens et al.
2014). In this study, general practitioners
requested CDI testing in 7% of unformed stool
samples, thereby detecting only 40% of all CDI
cases (Hensgens et al. 2014). In light of these
problems, testing of all submitted unformed
stool samples is now endorsed by the ESCMID
guidelines (Crobach et al. 2016). This approach
has been shown to increase the diagnostic yield
(Davies et al. 2014; Reigadas et al. 2015).
Restricting CDI testing to liquid samples instead
of all unformed samples seems to be too stringent
and may cause the diagnosis of CDI to be missed
(Berrington and Settle 2007).

A special situation exists for patients with ileus
due to CDI. In this case, formed stools or rectal
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swabs can be tested for CDI (McFarland et al.
1987; Rogers et al. 2013). Although perirectal
swabs have also been proposed as suitable
alternatives, their use may depend on the presence
of faecal staining on the swab (Kundrapu et al.
2012; Rogers et al. 2013).

Asymptomatic C. difficile intestinal carriage
occurs most commonly in neonates and toddlers
(Ferraris et al. 2019). At 1 month of age, the
carriage rate is on average 37%, declining to
10% at >1 year, compared with 1-3% in adults
(Jangi and Lamont 2010). In these pooled data
(n = 928), 13% were carriers of toxigenic and
17% of nontoxigenic C. difficile strains. As such,
routine testing for C. difficile is not recommended
in this group (McDonald et al. 2018). Here, colo-
nization frequently occurs without clinical
symptoms of diarrhoea, even if the faeces
contains detectable levels of C. difficile toxins, a
criterion recommended to define CDI in adults
(Crobach et al. 2016). On the other hand, the
incidence of CDI among hospitalized children
has been increasing (Schutze and Willoughby
2013). CDI testing is therefore burdensome in
young children and should always include clinical
evaluation. Routine testing for CDI in children
<1 year should be avoided, according to
guidelines launched by the American Academy
of Pediatrics (Schutze and Willoughby 2013). For
children between 1 and 3 years of age with diar-
rhoea (IDSA/SHEA between 1 and 2 years), CDI
testing can be considered, but testing for other
causes, particularly viral infections, is
recommended first (McDonald et al. 2018;
Schutze and Willoughby 2013). For children
above 3 years of age, normal testing procedures
can be followed (Crobach et al. 2016; Schutze
and Willoughby 2013).

There is still a paucity of data on community-
based CDI and its recognition. A European point
prevalence study performed in 2018 showed CDI
positivity rate was 4.4% in hospital samples and
1.3% in community samples (Viprey et al. 2022).
Half of community CDI cases were undiagnosed
because of the absence of clinical suspicion. This
conclusion is in line with studies conducted in
general practice populations in France and the
Netherlands, in which 48 and 60% of cases
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would have been missed based on the requested
test by the general practitioner (Barbut et al. 2019;
Hensgens et al. 2014). These data illustrate the
need for improved awareness for diagnosing CDI
in patients presenting with diarrhoea in the
community.

6 Repeat Testing

Before the introduction of algorithms, lack of
confidence in Tox A/B EIAs led to the submis-
sion of multiple stool samples during one
diarrhoeal episode. There was a common miscon-
ception that three sequential tests were necessary
to ‘rule out’” CDI. This policy resulted in a
decrease of the positive predictive value of each
subsequent test and subsequently an increase in
the likelihood of false-positive results. Several
studies sought to determine the yield of such
repeat testing. Diagnostic yield can either be
expressed in the percentage of first test negative
samples converting to positive in a repeat test, or
the percentage of positive samples that is detected
by repeat testing. After a first negative Tox A/B
EIA result, it was reported that 0.9-2.5% of
samples test positive in a repeat sample submitted
within 7 days (Aichinger et al. 2008; van Prehn
et al. 2015). These samples constitute around 9%
of all positive samples (Aichinger et al. 2008; van
Prehn et al. 2015). Although the former studies
were performed in endemic situations, a study
performed during an outbreak situation
demonstrated that there was a definite diagnostic
yield of retesting in such a situation; of all
samples submitted for repeat Tox A/B EIA test-
ing, 8.2% tested positive. These samples
constituted 5% of all positive CDI samples
(Debast et al. 2008).

The utility of repeat NAAT testing has been
evaluated in several studies, too. The percentages
of samples that were positive within 7 days after a
negative test range from 0.9 to 2.9% (Aichinger
et al. 2008; Green et al. 2014; Khanna et al. 2012;
Luo and Banaei 2010; van Prehn et al. 2015). The
number of CDI cases detected by a repeat test
range from 1.7 to 4.5% (Aichinger et al. 2008;
van Prehn et al. 2015). The chance of turning
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positive was lower in the first 7 days after a
negative NAAT result than in the 7-14 days
period after the negative test result (Khanna
et al. 2012; Luo and Banaei 2010). In one study,
a history of CDI seemed to increase the risk of a
positive repeat NAAT result within 7 days after a
first negative test (Green et al. 2014).

The general consensus is that in a
non-epidemic situation, the diagnostic yield of
repeat testing by both Tox A/B EIA and NAAT
is too low, and therefore, repeat testing within
7 days should be discouraged (Cohen et al.
2010; Crobach et al. 2016; Surawicz et al.
2013). If an algorithm is used instead of stand-
alone NAAT or Tox A/B EIA, the even higher
predictive values make repeat testing redundant.
However, in epidemic situations, or in patients
with very high clinical suspicion, repeat testing
may be of value (Crobach et al. 2016). This
conclusion is also included in the updated
IDSA/SHEA guideline (2017), but is not
supported by a meta-analysis published in 2019
(Kraft et al. 2019). This meta-analysis concluded
that there was insufficient evidence to recom-
mend against repeat testing of the sample using
NAAT after an initial negative result due to a lack
of evidence of harm, which is a remarkable
approach. The ASM recommendation that
patients suspected of having CDI, NAAT-only
testing is a recommended practice for detection
of the C. difficile toxin gene, is also deviant from
the IDSA/SHEA and ESCMID guideline but is
understandable since the ASM-supported system-
atic review analysed NAAT algorithm and not
NAAT followed by toxin testing.

How to implement this algorithm in daily rou-
tine? A computerized clinical decision support
(CDS) tool incorporated in the electronic medical
record system has been tested in a 1250-bed ter-
tiary care hospital in St. Louis, Missouri (Kwon
et al. 2019). A hard-stop intervention limited
repeat C. difficile toxin enzyme immunoassay
testing within 96 h of a previous negative test.
The testing rate and number of admissions with
repeat tests decreased significantly post-
intervention (p < 0.01 for both), whereas the
percentage of positive tests was unchanged.
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Sometimes, repeat samples are taken after CDI
treatment as a test of cure. However, after resolu-
tion of diarrhoea, patients can still test positive for
toxins (Wenisch et al. 1996). Furthermore,
patients can become asymptomatic carriers after
treatment for CDI: one small study showed that
1-4 weeks after treatment, 29/56 (56%) of
patients were found to be asymptomatic carriers
of C. difficile (Sethi et al. 2010). Testing for cure
is therefore not recommended in current
guidelines (Cohen et al. 2010; Crobach et al.
2016; Schutze and Willoughby 2013).

7 Consequences of Testing
Strategy on CDI
Incidence/Reporting Rates

Despite the common recommendations of
ESCMID and SHEA/IDSA advocating the use
of algorithmic testing in CDI diagnosis, testing
methods between hospitals vary widely. A large
study across 60 European hospitals found that
only 64% of hospitals use a recommended testing
algorithm for CDI testing (K. Davies et al. 2016).
However, ESCMID-recommended CDI testing
methodologies were used by 82% (86/105) of
hospital in a survey performed in hospital sites
of 11 countries in 2018-2019, indicating a better
implementation (Viprey et al. 2023). Almost all
hospital sites across Europe (95%) reported using
more than one test to diagnose CDI
demonstrating that the 2016 ESCMID guidance
on not relying on a single assay was being
followed (Crobach et al. 2016). The 2017 update
of Clinical Practice Guidelines for Clostridium
difficile Infection in Adults and Children by
IDSA and SHEA also recommends a multistep
algorithm but left more room to use a NAAT
alone (McDonald et al. 2018). An interesting
study performed a retrospective analysis of posi-
tive C. difficile cases over 2 years spanning a year
preceding and following transition from PCR to
two-step testing (Dbeibo et al. 2023). A reduction
of CDI-specific antibiotic use was found without
restricting  clinician  diagnostic  ordering,
indicating that the two-step algorithm has also
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important implications for antibiotic stewardship.
In the study across 60 European hospitals, a 2.5-
fold higher CDI positivity rate was demonstrated
when stand-alone or GDH/NAAT were used
instead of a recommended algorithm. This was
reflected in the subsequent incidence rates;
hospitals relying on NAAT or GDH/NAAT
reported a mean incidence rate of 5.2 per 10,000
patient-days, while hospitals relying on an algo-
rithm reported a lower mean incidence rate of 2.0
per 10,000 patient-days, despite similar testing
frequencies (Davies et al. 2016). Interestingly, a
European study performed in 2018-2019 showed
that countries reporting the highest incidence of
CDI used non-ESCMID-recommended single test
to diagnose CDI (Viprey et al. 2023).

These observations hold true when the same
samples are concomitantly tested with both stand-
alone NAAT and an algorithm. In 1 study of 1321
stool samples, the CDI positivity rate by NAAT
was 6.4%, while the CDI positivity rate by a GDH
and Tox A/B EIA—CCNA algorithm on the
same samples—was 4.2%. The overall incidence
rates were 8.9 and 5.8 per 10,000 patient-days for
stand-alone NAAT and the algorithm, respec-
tively (Longtin et al. 2013). When stand-alone
NAAT was compared to stand-alone Tox A/B
EIA, higher CDI positivity rates and higher CDI
incidence rates for NAAT compared to Tox A/B
EIA were reported, too (Grein et al. 2014). Even
s0, hospitals that switch from non-molecular tests
to stand-alone NAAT testing are reported to expe-
rience an increase in their CDI incidence rates
(Moehring et al. 2013).

The implications of testing method-dependent
CDI incidence rates are consequential. Besides
the obvious effect of interfering with attempts to
accurately monitor CDI for surveillance purposes,
financially tangible effects also result. For
instance, UK hospitals can be assessed financial
penalties for excessive numbers of hospital-
acquired CDI cases (Davies et al. 2016). Simi-
larly, in the USA, the Centres for Medicare and
Medicaid Services (CMS) value-based purchas-
ing program are affected by reported incidence
rates (Marra et al. 2017). In the latter’s case, an
attempt to normalize rates by factoring in testing
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method has been made, although the study
demonstrated the inadequacy of such normaliza-
tion and stressed the need for refinement.

In the European COMBACTE-CDI study, all
diarrhoeal stool samples sent to the laboratories
were tested for CDI, irrespective of the tests
requested. A model was constructed to predict
the incidence in participating countries, based on
national-reported incidence rates and sampling
and testing rates observed in the study (Agnew
et al. 2023). Antimicrobial usage rates, national
sampling and testing rates and community preva-
lence of CDI influenced CDI incidence. Notably,
countries with the smallest difference between
known and true incidences are the countries
with the highest levels of sampling and testing.

In conclusion, CDI incidence is clearly
affected by testing method. Given the heteroge-
neity of such methods between institutions, and
the importance of correctly ascertaining CDI inci-
dence, it is necessary to somehow normalize inci-
dence rates in a way that takes into consideration
testing method.

8 Non-microbiological
Diagnostic Tests
and Procedures

The diagnosis of CDI is established by a combi-
nation of clinical findings in combination with
positive microbiological evidence (van Prehn
et al. 2021). The following diagnostic modalities
can support the diagnosis of CDIL.

8.1 CT Imaging

CT imaging can be useful in diagnosing fulmi-
nant CDI and pseudomembranous colitis (PMC).
Several features are suggestive of advanced PMC
such as colonic-wall thickening, pericolonic
stranding, the accordion sign, the double-halo
sign and ascites (Kirkpatrick and Greenberg
2001; Bartlett and Gerding 2008). The radiogra-
phy is usually normal in the absence of ileus or
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toxic megacolon. Kirkpatrick et al. evaluated
whether diagnosis of C. difficile colitis could be
made with CT. They included 110 patients of
which 54 had a positive stool assay and
56 patients a negative stool assay. The sensitivity
at their centre was 52% and the specificity 93%,
and the positive and negative predictive values
were, respectively, 88 and 67%. CT imaging is
less sensitive when compared with NAAT or
stool toxin tests but can be useful when there is
a need for quick results (Bartlett and
Gerding 2008).

8.2 Endoscopy

Nearly all cases of PMC are caused by CDI (Tang
et al. 2016), though other causes are sometimes
found, such as chemotherapy, toxin producing
Staphylococcus aureus and cytomegalovirus
infection (Sundar and Chan 2003; Pressly et al.
2016). PMC is not very common and not all CDI
will develop PMC (Bartlett 2002). Therefore,
endoscopy is a relatively insensitive procedure.
Furthermore, in one-third of the patients, PMC is
missed by sigmoidoscopy because of involve-
ment of the right colon; making colonoscopy the
preferred endoscopic procedure. Endoscopy is an
invasive procedure with perforation risks and is
often expensive (Bartlett 2002; Bartlett and
Gerding 2008). Endoscopy is therefore not
recommended to diagnose CDI, though it may
be used to establish an alternative diagnosis.

8.3 Histopathology

CDI is more likely when pseudomembranes are
detected histologically. Pseudomembrane lesions
are microscopically visualized as ‘mushroom’
like and consist of pus, mucin and fibrin. Their
reported sensitivity is 44% and the specificity is
89% (Wang et al. 2013). Biopsy is not needed for
the diagnosis of CDI. However, histologic
findings of pseudomembranes may suggest CDI
and should stimulate stool testing.
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9 Alternative Testing Strategies

Methods for diagnosing CDI remain imperfect,
which naturally has spurned an interest in alterna-
tive testing strategies. Alternative testing
strategies cannot only possibly aid in the diagno-
sis of CDI but might also be able to predict
severity or prognosis of CDI. These testing
methods include faecal biomarkers, immune
modulating interleukins and cytokines and more
recently intestinal microbiota analysis. Their role
is discussed below.

9.1 Calprotectin

Calprotectin, a calcium- and zinc-binding protein,
is found predominantly in the cytosol of
neutrophils (Popiel et al. 2015; Usacheva et al.
2016; Whitehead et al. 2014). In vitro studies
have shown that it has bacteriostatic and
fungostatic properties (Peretz et al. 2016). It is a
marker of inflammation due to release into the gut
lumen by neutrophils during infiltration and can
be measured in stool (Popiel et al. 2015). How-
ever, infection cannot be differentiated from
inflammation by this marker, since both give a
rise in faecal calprotectin (FCP) levels (Usacheva
et al. 2016). The role of calprotectin in evaluating
disease severity has been well studied in IBD
(Vrabie and Kane 2014). Several studies
evaluated the role of FCP in CDI testing (Table 2).
First, the usefulness of FCP testing to diagnose
CDI was evaluated in several studies. In most
studies, median FCP levels were found to be
significantly higher in CDI patients than in
diarrhoeal patients who tested negative for CDI
and in non-diarrhoeal controls (Barbut et al. 2017,
Darkoh et al. 2014; Kim et al. 2017; Popiel et al.
2015; Swale et al. 2014; Whitehead et al. 2014).
A study in cancer patients also found higher FCP
values in toxin-positive samples compared to
toxin-negative samples (He et al. 2018). Yet,
faecal calprotectin did not had higher
concentrations in CDI cases compared with
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asymptomatic carriers in a more recent study
(Villafuerte Galvez et al. 2023).

Studies that calculated optimal FCP cut-off
points for distinguishing CDI from non-CDI
samples reported sensitivities ranging from 77 to
88% and specificities ranging from 75 to 79%
(Kim et al. 2017; Popiel et al. 2015; Swale et al.
2014; Whitehead et al. 2014). However, in two of
these studies, the discriminative power of FCP
might have been attenuated as the group of CDI
patients might have included CD carriers due to
testing for CDI by NAAT only (Kim et al. 2017;
Popiel et al. 2015). On the other hand, the use of
healthy controls instead of patients suspected of
CDI might have falsely increased the specificity
in one study (Kim et al. 2017). Overall, the sub-
optimal sensitivity and specificity demonstrated
in these observational studies, of which several
with limitations or small sample sizes, does not
provide enough evidence for the use of FCP to
detect CDI.

Interestingly, besides the expected suboptimal
specificity of FCP, sensitivity is also moderate.
One study reported that in 20% of CDI patients,
FCP levels were lower than in hospitalised
patients without diarrhoea (Darkoh et al. 2014).
Another study reported that from 120 CDI
subjects, only 5 had normal FCP levels
(<50 pg/g) and speculated that these cases
might represent mild disease (Whitehead et al.
2014). The correlation between FCP levels and
CDI severity has also been evaluated, but results
are conflicting (He et al. 2018; Kim et al. 2017,
Peretz et al. 2016; Swale et al. 2014). A correla-
tion between CDI due to ribotype 027 and FCP
levels was also evaluated in two studies (Peretz
et al. 2016; Swale et al. 2014). Significantly
higher FCP levels compared to non-027 CDI
were found in one small study comprising seven
027 cases and 22 non-027 cases (Peretz et al.
2016); the same trend was shown in a somewhat
larger study, but results were not significant
(Swale et al. 2014). In conclusion, there is also
insufficient evidence for the use of FCP levels to
predict severity or presence of ribotype 027.
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Table 2 Overview of relevant studies evaluating the role
of FCP in patients with CDI. AAD antibiotic-associated

diarrhoea, CCNA cell cytotoxicity neutralization assay,

Study

Kim et al.,
Ann Lab
Med 2017

Peretz
etal., BMC
Infect Dis
2016

Popiel
et al., JCM
2015

Whitehead
etal,]
Med
Microbiol
2014

Swale

et al.,
PLOS One
2014

Type of
study
Retrosp.
cohort
study

Retrosp.
cohort
study

Prosp.
exploratory
observ.
study

Prosp.
cohort
study

Prosp.
cohort
study

Detection of
CDI

NAAT for
toxin gene

NAAT for
toxin gene and
identification
027 strains

NAAT for
toxin gene

Phase 1: Toxin
EIA (N=175)
Phase 2: GDH
EIA + NAAT
for toxin gene
(N =45)
Change of
departmental
C. difficile
testing
methodology
during
evaluation
NAAT for
toxin gene and
toxin EIA

Number of
cases/controls
30 severe CDI,
(group 1),

50 mild CDI
(group 2) and
71 negative CDI
healthy controls
(group 3)

29 pts with CDI
7 CDI ribotype
027,

22 other
ribotype

44 CD-PCR
positive vs
20 CD-PCR
negative

Group 1:

75 cases in toxin
EIA positive
Group 2:

45 cases in GDI
NAAT positive
Group 3:

99 cases in CDI
negative

164 CDI cases
vs 52 AAD
controls

CDI  Clostridium difficile
calprotectin, NAAT nucleic acid amplification test
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infection, FCP faecal

Results

CDI diagnosis

Median levels of FCP were significantly higher in
group 1 than in group 2 and group 3, 1391.5 pg/g
(170.0-2088.1 pg/g) vs 188.2 pg/g (41.4-188.2 pg/
g) and 35.0 pg/g (10.7-108.9 pg/g), respectively
Optimal cut-off value for CDI diagnosis 112.5 pg/g
ROC curve AUC 0.821

Sens 75% and spec. 79%

CDI severity

Median levels of FCP were significantly higher in
group 1 than in group 2, 1391.5 pg/g
(173.5-2075.9 pg/g) vs 188.2 pg/g (41.4-591.6 pg/
g), respectively

Optimal cut-off value for differentiating mild from
severe CDI

729.8 pglg

ROC curve AUC 0.746

Sens 70% and spec. 80%

Overall mean levels of FCP 331.4 pg/g (21-932 pg/g)
Mean levels of FCP were significantly higher in

027 positive group than in 027 negative group,
331.4 pg/g (21-932 pglg) vs 249 pglg (155-498 pg/
g), respectively

A trend was found between higher FCP levels and
higher Clostridium severity score

Median levels of higher-range assay of FCP (assay
range, 100—1800 pg/g) were significantly higher in
CD-PCR+ than in CD-PCR-

983 pg/g (351 to >1800 pg/g) vs <100 pg/g
(<100-194 pg/g) and also in the lower-range assay
of FCP (assay range, 30-300 pg/g) >300 pg/g
(>300 to >300 pg/g) vs 77.5 pglg (30-238 pg/g)
Optimal cut-off value 135 pg/g

High-range FCP ROC curve AUC 0.82

Sens. 88.6% and spec. 75%

Median levels of FCP were significantly higher in
group 1 than in group 2, 336 pg/g (208-536 ng/g)
vs 249 pgl/g (155498 pg/g), respectively

Both were significantly higher than in group 3, 106
(46-176 pg/g)

Optimal cut-off value 176 pg/g and 169 pg/g, ROC
curve AUC 0.84 and 0.80

Sens 81% and 73%, spec. 77% and 77% for group
1 and 2, respectively

CDI diagnosis

Median levels of FCP were significantly higher in
CDI cases vs AAD, 684.8 pg/g (203.7-1581.0 pg/
2) vs 66.5 pg/g (23.1-145.7 pglg), respectively
Optimal cut-off value 148 pg/g

ROC curve AUC 0.864

(continued)
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Table 2 (continued)

Study

Darkoh

et al., Clin
Vaccine
Immunol
2014

Barbut

et al., EurJ
Clin
Microbiol
2017

He et al.,
Eur J Clin
Microbiol
Infect Dis
2018

Villafuerte
Galvez

et al., Clin
Infect Dis
2023

Type of
study

Prosp.
cohort
study

Prosp
cohort
study

Cohort
study in
cancer
patients

Prosp.
cohort
study

Detection of
CDI

AAD stools:
CCNA,
NAAT for
toxin genes
and toxin
ElAcontrol
stools: NAAT
for toxin gene
and toxin EIA
Stool
cytotoxicity
and/or
toxigenic
culture
NAAT for
toxin gene
(GeneXpert)

GDH/toxin
EIA

NAAT for
toxin gene

Number of
cases/controls

8 severe CDI
cases Vs

116 non-severe
CDI cases

C. difficile
isolates
recovered from
149 CDI cases
72 cases with
ribotype 027 vs
77 non-ribotype
027
CDI-positive
stools (N = 50),
CDI-negative
stools (N = 50),
hospitalized
patients without
diarrhoea

(N =45)

135 CDI cases
and 135 controls

117 PCR+
samples and
115 PCR-
samples

24 toxin positive
and 86 toxin
negative

95 mild/
moderate CDI
and 22 severe/
severe
complicated
CDI

43 CDI

42
asymptomatic
carriers

26 non-CDI
diarrhoea

28 hospital
controls, no
diarrhoea, no
colonization

45

Results

Sens 81.8% and spec. 76.9%

PPV 91.5%, NPV 57.4%

Sub-group analyses

CDI severity

Median levels of FCP were not significantly higher
in severe CDI cases vs non-severe CDI cases,
969.3 pg/g vs 512.7 pg/g), respectively

Ribotype 027

Median levels of FCP were not significantly higher
in ribotype 027 cases vs non-ribotype 027 cases,
1011 pg/g vs 658 pg/g), respectively

FCP concentration in CDI positive stools, 18 pg/g
(2.8-70.2 pg/g) was threefold higher than in
CDI-negative stools, 6.5 pg/g (2.0-31.0 pg/g), and
twofold higher than of hospitalized pts without
diarrhoea, 8.7 pg/g (1.8-33.2 pg/g)

FCP levels of 80% of the CDI-positive stools and
30% of the CDI-negative stools higher than
hospitalized pts without diarrhoea

The FCP values were 218.0 pg/g and 111.5 pg/g,
respectively

Among patients with CDI, faecal calprotectin levels
were higher in those with free toxins in their stools
(274.0 vs 166.0 pgl/g, p = 0.051), respectively
Median FCP 183.6 pg/g and 145.6 pg/g,
respectively, p = 0.006

toxin positive 200.2 pg/g vs. 182.8 pg/g, toxin
negative. p = 0.044

182.1 pg/g and 218.5 pg/g, respectively p = 0.014

Non-significant difference FCP values (p = 0.36)
in CDI versus asymptomatic cases: Median FCP
185 pg/g (IQR 60-851.5) vs 168.4 ng/g
(75.3-406.8)

75.8 pglg (22.8-169.5)

171 pg/g (75.5-400.5)
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9.2 Lactoferrin

Lactoferrin is a glycoprotein and resides in
neutrophils. It is released upon neutrophil activa-
tion. The faecal lactoferrin (FL) levels can be
measured in stool and correlate with the number
of infiltrated neutrophils. Multiple studies have
proven that it can be an accurate marker of intes-
tinal inflammation and useful in diagnosis of
inflammatory diarrhoea (Usacheva et al. 2016).

The usefulness of FL to detect CDI was
evaluated in a handful studies (Table 3). All stud-
ies report higher median FL levels in CDI
samples than in control samples (either diarrhoeal
samples without CDI or non-diarrhoeal samples)
(Barbut et al. 2017; Boone et al. 2014; Darkoh
etal. 2014; LaSala et al. 2013; Swale et al. 2014).
However, a substantial proportion of
CDI-negative patients have elevated FL levels,
too (Boone et al. 2014; Darkoh et al. 2014).
This was also reflected in the suboptimal specific-
ity of 77% that was found when an optimal
cut-off point to distinguish CDI from patients
with non-CDI antibiotic-associated diarrhoea
was determined (Swale et al. 2014). In a small
retrospective study, 59 patients with positive PCR
and diarrhoea were compared with a group of
59 PCR positive patients without diarrhoea;
lactoferrin was not capable to classify patients
with or without diarrhoea (Anikst et al. 2016).
Interestingly, also no differences were found
between  organism burden and  toxin
concentrations, questioning whether patients
with CDI were appropriate diagnosed.

Whether FL could be used as a marker for
severe CDI was also evaluated in some studies.
Severe CDI was found to be associated with
higher median FL levels in two small studies
(Archbald-Pannone 2014; Boone et al. 2013). In
addition, higher FL levels were associated with a
higher white blood cell count and decreased
serum albumin (Boone et al. 2013), but no asso-
ciation with mortality was demonstrated
(Archbald-Pannone 2014), possibly due to small
cohorts. Furthermore, it was demonstrated that
patients with CDI due to ribotype 27 and positive
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stool toxin had significantly higher FL levels and
WBC counts than non-027 CDI patients (Boone
et al. 2013, 2014). In patients with CDI due to
ribotype 027, patients with positive stool toxin
and elevated FL had a higher mortality risk
(Boone et al. 2014).

To conclude, all of the studies report an asso-
ciation between elevated FL and CDI. However,
the reported specificity is insufficient for
implementing it in the diagnosis of CDI. Further-
more, as the studies report different median FL
levels, this would reduce predictive accuracy.
Some parts may be ascribed to variation in dis-
ease severity, while other parts are due to labora-
tory handling and the volume of diluent. Another
problem is that FL can be elevated due to
comorbidities, such as ulcerative colitis and
Crohn’s disease (Shi et al. 2022).

Some studies also report an association
between elevated FL and CDI severity
(Archbald-Pannone 2014; Boone et al. 2013).
However these studies had small sample sizes.
To our knowledge, there are no studies that
observed that FL on its own is a predictor of
severity or mortality. Therefore, more research is
needed to understand the role of LF.

9.3 Faecal Leukocyte Test

The faecal leukocyte test is performed on stool
specimens, which are smeared on slides and
Wright stained. The test takes approximately 1 h
and samples are positive when >1
WBC/highfield are observed (Reddymasu et al.
2006). However, in a study evaluating 263 stool
samples from patients suspected of CDI for the
diagnosis of CDI, the faecal leukocyte test
showed a sensitivity and specificity of 30 and
74.9%, respectively, compared to toxin EIA
(Reddymasu et al. 2006). A larger study
(n = 797 stool samples) reported a sensitivity
and specificity of 14 and 90%, respectively
(Savola et al. 2001). Thus, faecal leukocyte test-
ing is not a good test for CDI and a poor predictor
of the toxin assay result.
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Table 3 Overview of relevant studies evaluating the role
of FL in patients with CDI. AAD antibiotic-associated
diarrhoea, CCNA cell cytotoxicity neutralization assay,

genic culture

immunoassay, FL faecal lactoferrin, GDH glutamate dehy-
drogenase, NAAT nucleic acid amplification test, 7C toxi-

CDI  Clostridium difficile infection, EIA enzyme
Study
Study type Detection of CDI | Number of cases/controls Results
Darkoh et al., | Prosp. AAD stools: CDI-positive stools (N = 50), |FL concentration in CDI-positive
Clin Vaccine | cohort CCNA, NAAT CDI-negative stools (N = 50), | stools, 31.4 pg/g (3.0-155.2 pg/g)
Immunol study and toxin EIA hospitalized pts without was significantly different and
2014 Control stools: diarrhoea (N = 45) was fivefold higher than in
NAAT and toxin CDI-negative stools, 6.3 pg/g
EIA (0.6-140.3 pg/g), and sixfold
higher than of hospitalized pts
without diarrhoea, 5.6 pg/g
(0.5-35.0 pgl/g)
FL levels of 88% of the
CDI-positive stools and 44% of
the CDI-negative stools higher
than hospitalized pts without
diarrhoea
Swale et al., Prosp. Toxin EIA 164 CDI cases vs 52 AAD Median levels of FL were
PLOS One cohort controls significantly higher in CDI cases
2014 study 57.9 pg/ml (11.4-177.5 pg/ml) vs
AAD 2.7 pg/ml (0.7-7.8 pg/ml)
Optimal cut-off value 8.06 ng/ml
ROC curve AUC 0.859, Sens
81.7% Spec 76.9%, PPV 91.8%,
NPV 57.1%
8 severe CDI cases vs Sub-group analysis
116 non-severe CDI cases CDI severity
Median levels of FL were
significantly higher in severe CDI
cases vs non-severe CDI cases,
104.6 pg/ml vs 40.1 pg/ml),
respectively
C. difficile isolates recovered | Ribotype 027
from 149 CDI cases Median levels of FL were not
72 cases with ribotype 027 vs | significantly higher in ribotype
77 non-ribotype 027 027 cases vs non-ribotype
027 cases, 83.2 pg/ml vs 51.0 pg/
ml), respectively
Archbald- Prosp. Not described N=179 Overall mean concentration of FL.
Pannone, J cohort 41 severe CDI vs in the cohort was 388.8 pg/ml
Geriatr Paliat | study 38 non-severe CDI Mean levels of LF in severe CDI
Care 2014 580 pg/ml (SD 989.0 pg/ml) were
significantly higher than in
non-severe CDI 181.7 pg/ml
(SD 244.2 pg/ml)
Boone et al., Prosp. NAAT and TC N =210 FL concentration in group 1, 90
Eur J Clin cohort 129 TC +&CCNA + (group 1), | pg/g was significantly higher than
Microbiol study 62 TC +&CCNA— (group 2) | in group 2, 24 pg/g and group
Infect Dis and 19 TC —&CCNA— 3,20 pglg
2014 (group 3)
Boone et al., | Prosp. GDH membrane- | N =98 96% of ptn with positive toxin
Eur J Clin cohort based EIA and (85 toxigenic strains, stool had elevated LF and 59% of
Microbiol study toxin EIA 6 non-toxigenic, 6 negative for | pts negative stool toxin had

C. difficile, 1 mixed infection)

elevated levels

(continued)



48

Table 3 (continued)

Number of cases/controls

(21 severe CDI, 57 moderate,

38 ptns had a 027 infection

43 GDH negative (group 1)
14 GDH positive/toxin
neg/PCR negative (group 2)
25 GDH and toxin positive

30 GDH positive/toxin
neg/PCR positive (group 4)
59 PCR positive patients with
diarrhoea and 59 PCR positive
patients without diarrhoea

135 CDI cases and

Study
Study type Detection of CDI
Infect Dis 85 toxigenic
2013
7 milds)
(45%)
LaSalaetal.,J | Retrosp. GDH EIA, toxin |N =112
Clin cohort EIA and NAAT
Microbiol study
2013
(group 3)
Anikst et al., | Retrosp. NAAT and
Diagn electronic | quantitative
Microbiol chart culture of
Infect Dis review C. difficile, stool
2016 toxin EIA
Barbut et al. Prosp. Stool cytotoxicity
Eur J Clin cohort and/or toxigenic | 135 controls
Microbiol study culture
2017
9.4 Interleukins and Chemokines

9.4.1

J. van Prehn et al.

Results

Mean levels of severe CDI

(961 pg/g (SE 303 pg/g) were
significantly higher than in
moderate CDI, 292 pg/g

(SE 42 pg/g) and mild CDI 73 pg/
g (SE 52 pglg)

There is a significant difference
for elevated LF between ptn with
027 and non-027

Median levels of LF were sign.
higher in group 3, 80 pg/ml
(3-124 pg/ml) than in group

1, 13 pg/ml (3—143 pg/ml), group
2, 18 pg/ml (4-78 pg/ml) and
group 4, 24 pg/ml (4-160 pg/ml)

Lactoferrin concentrations were
significantly increased in patients
with clinically significant
diarrhoea (median, 99.0 vs

55.1 pg/ml, p = 0.05) but could
not sufficiently classify patients
with and without clinically
significant diarrhoea

The median lactoferrin values
were 26.8 pg/g and 8.0 pg/g in
CDI patients and control group,
respectively

Among patients with CDI, faecal
lactoferrin levels were higher in
those with free toxins in their
stools (39.2 vs 10.2 pg/g,

p = 0.003)

Interleukins and Chemokines

to Discriminate CDI Patients

Interleukins and chemokines mediate inflamma-
tory responses, so it is no surprise that this is an
active field of CDI research. Since the previous
version of this diagnostic chapter, several new
markers have been suggested to correlate with
CDI disease and severity. We here focus on clini-
cal studies in humans with either blood or faecal
biomarkers that are of most interest. However,
more biomarkers then described below have
been suggested to correlate with CDI.

Interleukine-8 (IL-8) is a chemoattractant and
recruits neutrophils to sites of infection. Activated
dendritic cells and macrophages produce IL-23.
This interleukin is involved in host defence
against bacterial infections and the development
of chronic inflammation. Darkoh and colleagues
tested CDI stools, diarrhoeal non-CDI stools and
non-diarrhoeal stools for interleukins both by a
cytokine assay and by a quantitative EIA (Darkoh
et al. 2014). Both IL-8 and IL-23 were detected in
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more CDI-positive stools than CDI-negative
stools. The cytokine assay showed that the rela-
tive amount of IL-8 was higher in the
50 CDI-positive  stools, compared to
50 CDI-negative stools. This is in contrast with
IL-23 where the relative amount was higher in the
CDI-negative stools. When the findings were
confirmed by EIA, they found that CDI-positive
stools showed a significantly higher amount of
IL-8 (mean 318.2 pg/ml) in stools compared to
the CDI-negative stools (mean 84.7 pg/ml) and
hospitalized patients without diarrhoea (mean
79.8 ppg/ml). In contrast, IL-23 was significantly
higher in CDI-negative stools and hospitalized
patients without diarrhoea than in the CDI posi-
tive stools, 946.7 pg/ml (185.5-2016 pg/ml),
1617 pg/ml (489.0-6810 pg/ml) and 722 pg/ml
(110.0-7069 pg/ml), respectively. This study
shows that IL-8 plays a role in CDI and that
increased levels are associated with more severe
forms of CDI. Interestingly, Czepiel et al. found
that the presence of an IL-8 genetic polymor-
phism was associated with severe disease in
65 CDI patients, while IL-1p (a stimulator of
IL-8) polymorphism was not (Czepiel et al.
2018). In contrast, IL-23 amounts during CDI
may be inadequate to sustain sufficient cellular
immunity. Therefore, lower concentrations of
IL-23 may show a lack of immunological
response in a proportion of CDI patients and
may explain also recurrence (Darkoh et al. 2014).

Wang and colleagues found that IL-27 was
significantly elevated in serum and stool of
76 CDI  patients as compared with
72 CDI-negative patients and 7 healthy
volunteers (Wang et al. 2018). Interestingly, in
their mouse model, IL-27 receptor-deficient mice
had enhanced colonic histology damage, less
C. difficile clearance and decreased survival com-
pared to controls during CDL.

A recent cohort study conducted in the USA
compared 120 CDI patients with groups of
asymptomatic carriers, non-CDI (NAAT nega-
tive) diarrhoea-hospitalized patients and a
(NAAT negative) control group without diar-
rhoea (Galvez et al. 2022). Stool markers that
differed significantly between the CDI cohort
and the remaining cohorts included IL-1f, IL-6,
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IL-8, IL-15, tumour necrosis factor alpha
(TNF-a) and granulocyte-colony-stimulating fac-
tor (G-CSF). Median IL-1p stool concentrations
were significantly higher (20-fold) in patients
with severe CDI-attributed outcomes compared
to those without them, but were not associated
with initial disease severity. In patients with CDI
median stool IL-1f concentrations were >40-fold
higher than in patients with non-CDI diarrhoea
and asymptomatic carriers. IL-1p seems a
promising diagnostic stool marker to differentiate
true CDI from control groups, as areas under the
receiver  operating characteristic curve
(ROC-AUCs) ranged from 0.83 to 0.88. A similar
study from this group found that median serum
levels of IL-4, IL-6, IL-8, IL-10, IL-15, G-CSF,
TNF-a and monocyte chemoattractant protein-1
(MCP-1 were significantly higher in CDI patients
compared with all other groups) (Kelly et al.
2020). Concentration distributions for IL-6,
G-CSF and TNF-a separated CDI patients from
the other groups. Serum G-CSF seemed to be
most promising with an ROC-AUC of 0.844 to

discriminate CDI from the other groups
combined.
9.4.2 Interleukins and Chemokines

to Discriminate CDI Severity

and Predict Outcome
CXCL-5 is a CXC chemokine and recruits and
activates neutrophils. El Feghaly and colleagues
studied the correlation between intestinal inflam-
mation and disease severity in hospitalized
patients with symptomatic CDI (El Feghaly
et al. 2013). They found that faecal CXCL-5
mRNA and IL-8 mRNA were associated with
diarrhoeal persistence and longer time to diar-
rhoea resolution. The levels were also higher in
patients with CDI in the prior 90 days than in
patients with no history of CDI (EI Feghaly et al.
2013).

Abhyankar et al. analysed cytokines plasma
level in 341 CDI inpatients. Increased IL-6,
IL-8, IL-15, TNF-a, C-C motif chemokine ligand
5 (CCL-5) and suppression of tumorigenicity
2 receptor (sST-2) predicted mortality by univari-
ate analysis (Abhyankar et al. 2020). A
subsequent logistic regression risk prediction
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model had an ROC-AUC of 0.91 for 90-day mor-
tality and 0.77 for 90-day recurrence. Likewise,
Dieterle et al. constructed prediction models
based on 156 CDI cases and validated this on a
cohort of 272 cases (Dieterle et al. 2020). The
best model for 30-day mortality included
interleukin-8 (IL-8), PCT, CXCL-5, IP-10 and
IL-2Ra with an AUC of 0.89. In this study, the
best model for prediction of disease-related com-
plication included IL-8, procalcitonin, hepatocyte
growth factor (HGF) and IL-2Ra with an AUC of
0.84.

In conclusion, many markers of inflammation
have been suggested to play a role in CDI and
may correlate to disease severity. However as
stated in the 2017 IDSA/SHEA guideline, at this
point, no recommendations for their routine use
can be made (McDonald et al. 2018). Several
prediction models of interest have been published
since 2018 (Abhyankar et al. 2020; Dieterle et al.
2020; Galvez et al. 2022; C. P. Kelly et al. 2020).
More prospective research and validation of
markers on external cohorts is needed to confirm
these associations and models.

9.5 Microbiota-Based Markers
for Prediction or Diagnostic

of Clostridioides difficile Infection

Patients suffering from CDI harbour a disrupted
intestinal microbiota characterized by reduced
diversity and elevated levels of Proteobacteria,
yeasts and Enterococcus species alongside
reduced levels of members of the Bacteroidetes
phylum, the Lachnospiraceae and
Ruminococcaceae families. Gut dysbiosis is
probably dependent on the previous use of
antibiotics, but microbiome-mediated diagnosis
of CDI remains understudied. The gut microbiota
difference between patients with C. difficile colo-
nization and infection is difficult to assess, though
the relative abundance of Bacteroides and
Veillonella has been reported (Crobach et al.
2020). However, analysis of microbial composi-
tion before the use of antibiotics can perhaps
provide identification of microbial markers pre-
dictive of the risk of CDI development. One
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prospective study has investigated microbial
composition as a potential predictor of CDI and
concluded that the decrease of Clostridiales,
namely, members of Clostridiales Incertae Sedis
XI, in the intestinal microbiota was associated
with an increased risk of CDI (Vincent et al.
2013). In a multicentre, observational, prospec-
tive study, the intestinal microbiota was deter-
mined utilizing 16S rRNA gene profiling of
hospitalized patients aged 50 years and above in
34 hospitals across 6 European countries prior to
antibiotic therapy with the aim of identifying
robust microbial markers predictive of CDI
(Berkell et al. 2021). It was concluded that a
distinct microbiota enriched in Enterococcus
and depleted of Ruminococcus, Blautia,
Prevotella and Bifidobacterium identified patients
at risk for CDI development before antibiotic
treatment was started. Findings were validated
on an external Canadian cohort. In combination
with clinical and microbiological characteristics,
carbapenem treatment (hazard ratio (95% CI): 5.3
(1.7-16.6)), toxigenic C. difficile rectal carriage
(10.3 (3.2-33.1)) and high relative abundance of
Enterococcus spp. vs low relative abundance of
Ruminococcus spp. or Alistipes spp. and low
Shannon alpha diversity index as determined by
16S rRNA gene profiling (9.7 (3.2-29.7))
predicted an increased CDI risk (van Werkhoven
et al. 2021).

In conclusion, microbiome analysis may be
used to identify patients at risk for the develop-
ment of CDI. This may, for example, help to tailor
antibiotic therapy or initiate pre-emptive CDI
therapy. Whether microbiome analyses can be
useful for diagnosis of CDI remains to be seen.
For widespread application, cost-effective
standardized (high-throughput) analyses with
low turn-around times will be necessary.
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Abstract

Clostridioides difficile infection (CDI) remains
a significant cause of morbidity and mortality
worldwide. Historically, two antibiotics (met-
ronidazole and vancomycin) and a recent third
(fidaxomicin) have been used for CDI treat-
ment; convincing data are now available
showing that metronidazole is the least effica-
cious agent. The European Society of Clinical
Microbiology and Infectious Diseases
(ESCMID) management guidance for CDI
were updated in 2021. This guidance docu-
ment outlines the treatment options for a vari-
ety of CDI clinical scenarios and for
non-antimicrobial management (e.g., faecal
microbiota transplantation, FMT). One of the
main changes is that metronidazole is no lon-
ger recommended as first-line CDI treatment.
Rather, fidaxomicin is preferred on the basis of
reduced recurrence rates with vancomycin as
an acceptable alternative. Recommended
options for recurrent CDI now include
bezlotoxumab as well as FMT.

A 2017 survey of 20 European countries
highlighted variation internationally in CDI
management strategies. A  variety of
restrictions were in place in 65% countries
prior to use of new anti-CDI treatments,
including  committee/infection  specialist
approval or economic review/restrictions.
This survey was repeated in November 2022
to assess the current landscape of CDI
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management practices in Europe. Of
64 respondents from 17 countries, national
CDI guidelines existed in 14 countries, and
11 have already/plan to incorporate the
ESCMID 2021 CDI guidance, though imple-
mentation has not been surveyed in 6. Vanco-
mycin is the most commonly used first-line
agent for the treatment of CDI (n = 42,
66%), followed by fidaxomicin (n = 30,
47%). Six (9%) respondents use metronida-
zole as first-line agent for CDI treatment,
whereas 22 (34%) only in selected low-risk
patient groups. Fidaxomicin is more likely to
be used in high-risk patient groups. Availabil-
ity of anti-CDI therapy influenced prescribing
in six respondents (9%). Approval
pre-prescription was required before vanco-
mycin (n = 3, 5%), fidaxomicin (n = 10,
6%), bezlotoxumab (n = 11, 17%) and FMT
(n = 10, 6%). Implementation of CDI
guidelines is rarely audited.

Novel anti-CDI agents are being evaluated;
it is not yet clear what will be the roles of these
agents. The treatment of recurrent CDI is par-
ticularly troublesome, and several different
live biotherapeutics are being developed, in
addition to FMT.

1 Introduction

CDI is a leading cause of healthcare-associated
(HA) diarrhoea ranging from 1.1 to 631.8 per
100,000 population globally (Finn et al. 2021).
In Europe, HA-CDI infects 1-in-20 patients with
HA infection and is responsible for 48% of all HA
gastrointestinal infections (European Centre for
Disease Control, Point prevalence survey 2013).
The European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) first
published guidelines for CDI treatment in 2009,
which were revised in 2014 (Debast et al. 2014),
and most recently in 2021 (van Prehn et al. 2021).
Many European countries have published their
own national CDI treatment guidelines, which
are broadly similar to the ESCMID guidelines,
though contextualised to the local setting
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(ECDC 2017). The Grades of Recommendation
Assessment, Development and Evaluation
(GRADE) system (Guyatt et al. 2008) was used
to grade the strength of recommendations and the
quality of the evidence in the 2021 document.
One of the main changes in the 2021 update is
that metronidazole is no longer recommended as
first-line CDI treatment. Rather, fidaxomicin is
preferred on the basis of reduced recurrence
rates, with vancomycin as an acceptable alterna-
tive. Recommended options for recurrent CDI
now include bezlotoxumab and faecal microbiota
transplantation (FMT). Of note,
recommendations for CDI diagnosis and infection
prevention and control are described in separate
ESCMID guidance documents (Crobach et al.
2016; Tschudin-Sutter et al. 2018).

In 2021, updated CDI treatment guidelines
were also published by the Infectious Diseases
Society of America (IDSA) and Society for
Healthcare Epidemiology of America (SHEA)
(Johnson et al. 2021) and the American College
of Gastroenterology (ACG) (Kelly et al. 2021).
The IDSA/SHEA guidelines also recommend
fidaxomicin as the preferred option for the first
episode of non-severe CDI and the first CDI
recurrence and recommend metronidazole only
when fidaxomicin or vancomycin is unavailable.
In contrast, the ACG guidelines continue to rec-
ommend metronidazole for the first episode of
non-severe CDI but in younger low-risk patients
with minimal comorbidities. Both sets of
guidelines recommend fidaxomicin is an equal
alternate to vancomycin for severe CDI.

When discussing European practice for CDI
treatment, variability between countries is inevi-
table for a number of reasons. Treatment of
patients with CDI begins with making the diag-
nosis, specifically having a high index of clinical
suspicion if a patient has a combination of signs
and symptoms and/or CDI risk factors and there-
after confirmation by microbiological testing or
colonoscopic/histopathological findings. Clini-
cian awareness of CDI as part of the differential
diagnosis and access to timely laboratory
diagnostics is therefore crucial for appropriate
patient management. However, there remains
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considerable variability across countries with an
estimated 40,000 inpatients potentially undiag-
nosed annually in European hospitals (Davies
et al. 2014). Mnemonic checklists can be useful
tools to reduce clinician error and promote aware-
ness (Chew et al. 2016). Albeit potentially more
useful when English is the commonly spoken
language, the SIGHT mnemonic is a useful aide
memoire for clinicians when managing patients
with suspected potentially infectious diarrhoea
(Fig. 1) (Public Health England 2013).

Once CDI is diagnosed, variability in anti-CDI
treatment practices may be due to individual
judgement and/or knowledge, individualised
patient factors and national regulatory or eco-
nomic issues, e.g. the availability of newer
(more expensive) anti-CDI agents. Lastly, the
ESCMID (and national) guidelines recommend
a number of potential treatment options for simi-
lar CDI clinical scenarios, so individual clinician
preference will likely be a potential cause of
variability. This variability in anti-CDI treatment
preferences has previously been described in
Ireland (Prior et al. 2017). In the United States
(USA), almost half of patients with severe CDI
were treated with metronidazole, despite vanco-
mycin being recommended in national guidelines
at that time (Stevens et al. 2017).

In 2017 a survey of 20 European countries and
their implementation of CDI guidelines found
that, while the majority (n = 14) have national
CDI guidelines, the guidelines provide a range of
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recommendations for CDI treatment and only
5 countries had audited guideline implementa-
tion. A variety of restrictions were in place in
13 (65%) countries prior to use of new anti-CDI
treatments, including committee/infection spe-
cialist approval or economic review/restrictions
(Fitzpatrick et al. 2018). Interestingly, when the
impact of the revised IDSA/SHEA guidelines
were subsequently reviewed, prescriptions of
oral vancomycin and fidaxomicin had increased,
and metronidazole had decreased significantly in
the USA (Clancy et al. 2021).

In this chapter, we summarise the updated
2021 ESCMID CDI guideline recommendations
and present the findings of a revised 2022
European survey of CDI guidelines and their
implementation and lastly look to the future as
we summarise promising new therapies for CDI
treatment.

2 ESCMID Guidelines for CDI
Treatment

A number of CDI scenarios are considered
including the initial management of CDI in addi-
tion to the management of recurrent and severe
CDI (Table 1). For all scenarios the timely imple-
mentation of appropriate infection prevention and
control measures to prevent further -cross-
infection is highlighted, in addition to the discon-
tinuation of antimicrobial therapy (if clinically

Fig. 1 SIGHT mnemonic S
protocol
diarrhoea.

Suspect that a case may be infective where there is no clear alternative cause for

I Isolate the patient/resident. Consult with the infection prevention and control team

where available while determining the cause of the diarrhoea.

G Gloves and aprons must be used for all contacts with the patient/resident and their

environment.

H Hand washing with soap and water should be carried out after each contact with the

patient/resident and the patient/resident’s environment.

T Test the stool for C. difficile toxin, by sending a specimen immediately.

Adapted with permission from SIGHT Mnemonic UK protocol (DH. and HPA. 2008)
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Table 1 Summary of definitions used in the updated European Society of Clinical Microbiology and Infectious
Diseases (ESCMID) management guidelines for Clostridioides difficile infection (CDI) (van Prehn et al. 2021)

Clinical parameters

Laboratory diagnostics

CDI Clinical findings compatible with CDI without and | Microbiological evidence of C. difficile-
reasonable evidence of another cause of diarrhoea free toxins by enzyme immunoassay
Clinical picture compatible with CDI and | Positive nucleic acid amplification test
(preferably with a low cycle threshold
value) or positive toxigenic C. difficile
culture
Pseudomembranous colitis diagnosed during and | Positive test for the presence of toxigenic
endoscopy or after colectomy or on autopsy C. difficile
Severe CDI Fever >38.5°C or | Leucocyte count >15 x 10°/L or
Rise in serum creatinine >50% above
baseline
Severe- One of the following attributed to CDI: or | One of the following needs to be
complicated/ | hypotension, septic shock, ileus, toxic megacolon, attributed to CDI the following:
fulminant CDI | bowel perforation, any fulminant course of disease — Elevated serum lactate
(i.e. rapid deterioration of the patient)
Refractory No response after 3—5 days of therapy
CDI
Recurrent CDI | CDI recurs within 8 weeks after a previous
episode, provided the symptoms from the previous
episode resolved after completion of initial
treatment

indicated), fluid and electrolyte replacement,
review of proton pump inhibitor use and avoid-
ance of anti-motility medications. Management of
CDI in paediatric patients is not covered, though
was subsequently reviewed in a best practice
summary (Krutova et al. 2022a). Specific man-
agement of CDI patients prescribed concomitant
antibiotics was also recently reviewed
(Fitzpatrick et al. 2022).

2.1 Non-severe CDI

In contrast to previous guidance, oral metronida-
zole is no longer recommended as first-line ther-
apy for the initial episode of CDI. Rather,
metronidazole is recommended only when vanco-
mycin and fidaxomicin are not available or feasi-
ble. Oral metronidazole administration achieves
very low stool concentrations, especially as
mucosal inflammation resolves, and interaction
with faecal microbiota reduces its antimicrobial
bioactivity (Krutova et al. 2022b). Increased met-
ronidazole minimum inhibitory concentrations in
epidemic C. difficile ribotypes and the emergence
of plasmid-mediated resistance also contribute to

clinical failure. If metronidazole is used, it is
important that antimicrobial susceptibility is
performed on agar containing heme (Boekhoud
et al. 2021).

The updated ESCMID guidance recommends
fidaxomicin preferentially over vancomycin for
initial CDI (strong recommendation, moderate
level of evidence), because of reduced recurrence
rates: 101 fewer per 1000 (95% CI; 138 fewer
versus 49 fewer) (Table 2). Fidaxomicin also has
a narrower spectrum of activity than vancomycin
and is less detrimental to the gut microbiome
(Louie et al. 2009; Tannock et al. 2010). CDI
treatment choice may also have implications for
healthcare facility infection prevention and con-
trol and CDI cross-infection risk. In a small
randomised controlled trial of 31 patients,
fidaxomicin and vancomycin therapy reduced
C. difficile shedding an environmental contami-
nation in comparison with metronidazole (Turner
et al. 2022). A larger study in four English
hospitals of 244 CDI patients (n = 83
fidaxomicin, n = 102 vancomycin, n = 70 metro-
nidazole) found that C difficile environmental
contamination of patient rooms was lower during
fidaxomicin  therapy in comparison to
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Table 2 Overview of the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) management
guidelines for Clostridioides difficile infection (CDI) (van Prehn et al. 2021)

Two or more

Initial CDI First recurrence recurrences
Standard of care (SoC) First Fidaxomicin® 200 mg SoC + bezlotoxumab FMT
BD x 10 days
Second | Vancomycin 125 mg Fidaxomicin® 200 mg FMT or oC +
QDS x 10 days BD x 10 days bezlotoxumab
High risk of recurrence® First Fidaxomicin® 200 mg
BD x 10 days
Second | SoC + Bezlotoxumab
Preferred options not available | Metronidazole 500 mg TDS x Vancomycin taper and pulse: 125 mg QDS x
10 days 2 weeks, then BD x 1 week, then daily x
1 week, then every 48 h x 1 week. Finally
every 72 h x 1 week

Severe CDI

Severe-complicated and
refractory severe CDI

Vancomycin or fidaxomicin

Oral administration not possible: local (rectal or nasoduodenal delivery), +/—
adjunctive IV metronidazole or IV tigecycline

Vancomycin or fidaxomicin

Multidisciplinary approach with surgical consultation

Consider IV tigecycline and FMT when refractory

“Risk stratification for CDI recurrence risk can be applied for selective use of fidaxomicin in cases of limited access/

resources

"Consider extended fidaxomicin 200 mg BD day 1-5 and then 200 mg q48h d7-25. Most important risk for recurrence is
age >65/70 years. Additional risk factors to consider are healthcare-associated CDI, hospitalisation in previous 3 months,
prior CDI, concomitant non-CDI antibiotics and PPI started during/after CDI diagnosis

metronidazole or vancomycin therapy from
approximately day 4 of anti-CDI therapy, though
it was similar after therapy was completed
(Davies et al. 2020). In addition, a significant
reduction in environmental contamination rates
of CDI patient rooms was reported for patients
treated with fidaxomicin compared with those
receiving metronidazole or vancomycin at multi-
ple times after anti-CDI therapy commenced.
Previously, fidaxomicin-treated  hospital
inpatients were reported less likely to contaminate
their environment than patients treated with met-
ronidazole or vancomycin (Biswas et al. 2015).
When access to fidaxomicin is limited, a risk
stratification for selected use is recommended
whenever the clinicians deem the risk of recur-
rence high. Alternatively, vancomycin is a suit-
able alternative. Elements of risk stratification to
determine CDI recurrence risk include age over
65 years along with the presence of one or more
additional risk factor(s). These include
healthcare-associated CDI, hospitalization in the
previous 3 months, use of concomitant
antibiotics, PPIs started during/after CDI

diagnosis and a prior CDI episode (van Rossen
et al. 2021). The risk of recurrence is assumed to
be higher with more risk factors present.

Two other options are included in the
ESCMID guidance, and both are ‘considerations’
rather than recommendations namely
bezlotoxumab and extended fidaxomicin. The
addition of bezlotoxumab to standard of care
oral CDI treatment is discussed only in the con-
text of CDI with increased risk of recurrence
when fidaxomicin is not available or feasible.
This is because of the higher acquisition costs
and no clear benefit when compared with
fidaxomicin. As the (high-risk) population of
interest was studied in a post hoc analysis, the
quality of evidence was graded moderate. Lastly,
caution is advised in patients with a history of
congestive heart failure. Extended (off label)
fidaxomicin regimens receive a weak recommen-
dation (low level of evidence) and only for an
episode of CDI with increased risk of recurrence,
especially in elderly hospitalized patients.

The updated guidance also recommends that
the diagnosis of CDI should be reconsidered if
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patients do not respond to either fidaxomicin or
vancomycin, provided that the patient is stable
(i.e. not deteriorating) and not progressing to
complicated CDI. This is based on the rarity of
resistance to vancomycin and fidaxomicin in
Europe (Freeman et al. 2015a). In these patients
an alternative diagnosis should be sought as the
patient may be colonised with C. difficile and
their symptoms due to a different pathology. It
is also important to ensure that patients are adher-
ing to their treatment regimens especially in an
outpatient setting.

Definition and Treatment
of Severe CDI

2.2

Classification of CDI by severity can be problem-
atic, as patients with severe ileus may not have
diarrhoea. In practice, the clinical spectrum of
severe CDI varies considerably, and the diagnosis
is usually reached using a combination of
findings. The most important risk factors for
severe CDI are older age (>65 years) and pres-
ence of multiple comorbidities (van Rossen et al.
2021). The ESCMID guidelines summarise the
range of patient, laboratory, endoscopic and
radiological factors associated with severity of
CDI colitis (Table 1). Factors associated with
severe-complicated CDI include hypotension,
septic shock, elevated serum lactate, ileus, toxic
megacolon, bowel perforation or any rapid dete-
rioration of the patient that is attributed to CDI.
In the previous ESCMID guidelines, the
recommended treatment of choice for severe
CDI in the ESCMID guidelines was oral vanco-
mycin (Grade A-I) which achieves high
intracolonic concentrations with minimal sys-
temic adverse effects (Debast et al. 2014). Intra-
venous metronidazole combined with
vancomycin retention enema or oral/NG vanco-
mycin at the higher 500 mg dose was provided as
an alternative. In the 2021 guidelines, both van-
comycin and fidaxomicin are recommended
options for severe and severe-complicated CDI
(good practice statement, Table 2). There is no
data supporting the superiority of one over the
other. As with non-severe CDI, routine addition
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of metronidazole to oral standard of care therapy
is not recommended. One option that may be
considered on a case-by-case basis for
deteriorating patients is addition of intravenous
(IV) tigecycline (weak recommendation, very low
level of evidence). In patients when oral therapy
is not possible, intraluminal delivery of vancomy-
cin or fidaxomicin is recommended (good prac-
tice statement) in addition to adjuvant IV therapy
with metronidazole or tigecycline (weak, very
low). The rationale behind the recommendation
for intraluminal anti-CDI therapy is that standard-
of-care anti-CDI treatment is based on achieving
high intraluminal concentrations that are mini-
mally absorbed in the gastrointestinal tract. The
evidence base however is very limited with case
series for intraluminal vancomycin and no data on
intraluminal fidaxomicin delivery. Addition of an
intravenous antibiotic might be beneficial on a
theoretical basis when low intraluminal
concentrations of oral CDI agents are expected.

The precise role of surgical management in
severe CDI remains a topic of debate (Fitzpatrick
2008). As in previous versions, the updated
ESCMID guidelines recommend surgical review
for patients with severe-complicated CDI (good
practice statement). There are no clear guidelines
or protocols to guide the timing of surgical inter-
vention. Certainly, the decision that surgical man-
agement is required for CDI should be taken by
the multidisciplinary team, surgeons consulted at
an ‘early’ stage (though there is no clear defini-
tion as to when this is) and an interdisciplinary
risk/benefit analysis of surgery individualised for
that patient.

23 Recurrent CDI

Recurrent CDI itself is a significant risk factor
with the risk of recurrence increasing significantly
with each episode of recurrence. The updated
ESCMID guidelines report that a variety of
factors increase the risk for recurrent CDI includ-
ing older age (>65 years) and prior CDI (both
strong, moderate), healthcare-associated CDI and
hospitalization in the previous 3 months (weak,
low), concomitant non-CDI antibiotic use after
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CDI and new proton pump inhibitor (PPI) use
during/after CDI diagnosis (both weak, very
low) (van Rossen et al. 2021). Predicting which
patients will develop recurrent CDI would enable
clinicians to minimise recurrence risk (e.g. avoid
concomitant antimicrobials) and also by height-
ening awareness, facilitates prompt diagnosis and
treatment of recurrences (Hu et al. 2009).

The ESCMID guideline recommendation for
the first recurrence of non-severe CDI is if the
initial CDI episode was treated with vancomycin
or metronidazole, then fidaxomicin is
recommended (strong, low, Table 2). Alterna-
tively, the addition of bezlotoxumab (when avail-
able and feasible) to an oral standard of care
regimen is recommended if the initial CDI epi-
sode was treated with fidaxomicin (good practice
statement). Aside from availability, concerns
around high cost of bezlotoxumab have limited
its use in some centres. There is also an unex-
plained observation of poor outcome in some
bezlotoxumab recipients who have congestive
heart failure. When other options for treatment
of a first (or second) recurrent CDI episode are
not available (i.e. fidaxomicin, bezlotoxumab and
FMT), a vancomycin taper and pulse regimen
may be considered (weak, very low).

Options for the prevention of recurrent CDI
include follow on rifaximin (after standard of care
treatment), though rates of rifampicin resistance
in circulating strains are concerning. Yet, no for-
mal recommendation on its use has been given by
ESCMID. In the future preventative options may
likely include non-toxigenic C. difficile, bacterial
spores, bacterial consortia or other live
biotherapeutic products. In November 2022, the
United Stated Food and Drug Administration for
the first time approved a faecal microbiota prod-
uct (US Food and Drug Administration 2022). In
Europe however, there is currently no agreed EU
approach in relation to the classification of FMT
products (European Medicines Agency 2022).

Options for patients with a second or further
CDI recurrence include FMT after standard-of-
care antibiotic pretreatment or bezlotoxumab in
addition to standard-of-care antibiotic treatment
(weak, moderate (FMT)/low (bezlotoxumab).
The updated guidelines acknowledge that local
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regulations, availability and feasibility will likely
play a role in the choice between either. For FMT
an adequate multidisciplinary risk assessment is
essential, and FMT products should standardized
and be screened appropriately. In the future it is
likely that more targeted (and potentially safer)
approaches will play a role in the management of
recurrent CDI (Kampouri et al. 2021).

24 CDI Prophylaxis

The updated ESCMID guidelines contain a new
section on the role of anti-CDI antibiotic prophy-
laxis for patients on systemic antibiotic treatment.
Neither routine administration of probiotics
(strong, low) nor routine prophylaxis with anti-
CDI antibiotics (good practice statement) is
recommended. The guidelines however include
a good practice statement for selected patients
with a history of multiple recurrent CDI
precipitated by systemic antibiotic use. In these
patients, prophylaxis with microbiota-sparing
anti-CDI antibiotics may be considered but only
after careful consideration and consultation with a
clinical microbiologist or infectious diseases
specialist.

CDI prophylactic treatment strategies and their
implementation in clinical practice were reviewed
subsequently (Reigadas et al. 2021). While there
are no evidenced-based prophylaxis options for
primary CDI, FMT can be an option as secondary
prevention for patients with multiple recurrences.
Bezlotoxumab can be added to standard of care
CDI treatment for patients at high risk for recur-
rent CDI (Gerding et al. 2018).

3 Updated Survey of European
CDI Experts on CDI Treatment

In 2017 an international online survey of CDI
treatment guideline recommendations and their
implementation was circulated to colleagues that
are involved in CDI treatment in 20 European
countries (Fitzpatrick et al. 2018). This survey
was repeated in November 2022 to assess the
current landscape of CDI management practices
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in Europe. An online survey of CDI management
practices was designed using SurveyMonkey®
(Table 3). The original questionnaire was used
and updated with additional questions regarding
the following:

*  Whether national and/or local CDI treatment
guidelines have been adapted with the publi-
cation of updated 2021 ESCMID guidance.

+ If when managing a patient with severe CDI,
do you distinguish severe and severe-
complicated CDI?

* Is metronidazole still an option for CDI
treatment?

* What is the first choice of agent for an initial
episode?

The survey was circulated by email to
members of the ESCMID C. difficile study
group and European infection societies. Data
was analysed using an Excel® database
(Microsoft Corp., Redmond, WA, USA). The
survey was closed once the point of data satura-
tion was reached.

Of 64 respondents from 17 countries which
included clinical microbiologists (consultants
n = 31, 48% and trainees n = 4, 6%), infectious
diseases physicians (consultants n = 14, 22%,
and trainees n = 1, 2%) and other physicians/
healthcare workers (n = 14, 22%), 45 were
based in tertiary referral/university hospitals.
Subjective questions were analysed based on
majority opinion in cases of discrepancy among
respondents from the same country. Questions
with definitive answers (e.g. date of guideline
publication) were fact-checked by the authors,
and the accurate response was included in the
analysis.

National CDI guidelines existed in 14 of
17 countries; 11 had already/planned to incorpo-
rate(d) the ESCMID 2021 CDI guidelines. Of the
three countries that did not have national
guidelines, guidance was sought from the
ESCMID CDI guidelines (n = 1) or local
guidelines (n = 2). National guidelines were
revised or first implemented more than 5 years
ago (n = 3), during the last 5 years (n = 3), 1 year
(n = 3), or presently under revision (n = 4).
Revisions had not been undertaken in one
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country, with these guidelines published in
2020. Guideline implementation has not been
surveyed in eight (57%) countries. One country
had audited all aspects of guideline implementa-
tion, six countries have audited some aspects of
guideline implementation, and one country is cur-
rently in the progress of auditing their guideline
implementation.

In total, 40 (62.5%) respondents define severe/
severe-complicated CDI as per ESCMID guid-
ance. Thirty-two (50%) make a distinction
between severe and severe-complicated as per
ESCMID definition, 4 (6.3%) use local guidelines
to make the distinction and 28 (43.8%) do not
make any distinction. The three most cited
markers for severe CDI were leucocytosis
(n = 46), raised creatinine (n = 45) and fever
(n = 32). A variety of anti-CDI regimens were
recommended as summarised in Table 3. Vanco-
mycin is the most commonly used first-line agent,
prescribed by respondents, for the treatment of
CDI (n = 42, 66%), followed by fidaxomicin
(n = 30, 47%). Six (9%) respondents use metro-
nidazole as a first-line agent for CDI treatment in
a normal cohort, whereas 22 (34%) would pre-
scribe metronidazole only in selected low-risk
patient groups. Fidaxomicin is more likely to be
used in high-risk patient groups.

In addition, several other factors were reported
to influence the choice of the recommended anti-
CDI therapy including the following:

 Patient factors
— Risk factors for recurrence (n = 6)
— Patient tolerance/ability to take oral
medications/response to treatment (n = 3)
— Patient suitability for surgery (n = 1)
— Allergies (n = 1)
— Whether they are taking any additional
antimicrobials (n = 2)
* Fidaxomicin use
— Economic considerations because of high

cost (n = 2)
— Availability in community care settings
(n=4)
« FMT

— Availability of facilities for a FMT service
(n=1)
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Table 3 Survey of CDI management practices in Europe, November 2022. Questions highlighted with an asterisk
represent new questions that were not included in the 2017 survey

Question

Has your country issued national guidelines for managing
patients with CDI?

What year were these guidelines first published?

What year were these guidelines last revised?

Do these guidelines provide recommendations on:

Has your national CDI treatment guideline been adapted
with the publication of new ESCMID guidance? *

Has your local CDI treatment guideline been adapted with
the publication of new ESCMID guidance? *

Have you surveyed/audited the implementation of these
national/local CDI guidelines?

When was this survey conducted?

Did you include CDI treatment as part of this survey?
Which facilities were included in the survey/audit? (tick
all that apply)

Does your agency/institution recommend using the
European Society of Clinical Microbiology and Infectious
Diseases (ESCMID) guidelines for managing patients
with CDI?

How do you define a severe case of CDI in your country?
(tick all that apply)

When managing a patient with severe CDI—do you
distinguish severe and severe-complicated CDI for patient
management? *

Which of the following CDI treatments are available in
your country? (please tick all apply)

Is metronidazole still an option for CDI treatment? *

Answer choices

Yes/no

A. Currently being revised, B. Revised in the last 5 years,
C. More than 5 years since last revision, D. No revisions
have been undertaken

A. Prevention of CDI, B. Surveillance of CDI,

C. Surveillance of CDI, D. Laboratory diagnosis of CDI,
E. Treatment of patients with CDI, F. Management of
outbreaks and clusters of CDI, G. CDI key performance
indicators (KPIs), H. Audit of guideline implementation,
L. Other (please specify)

A. Yes, has been adapted, B. Yes, will be adapted/update
planned, C. Don’t have a national guideline, D. Don’t
know, E. No

A. Yes, has been adapted, B. Yes, will be adapted/update
planned, C. Don’t have a national guideline, D. Don’t
know, E. No

A. Yes all aspects of guidelines surveyed/audited, B. Yes,
some aspects of guidelines surveyed/audited, C. Survey
of guidelines in progress, D. No

Surveyed in the last year

Surveyed in the last 5 years

More than 5 years since last survey

Yes/no

A. Primary care/general practice, B. Hospitals,

C. Nursing homes, D. Long-term care facilities, E. Other
(please specity)

A. Yes, B. No—recommend local guidelines, C. No—no
recommendations

A. Fevers, B. Raised lactate, C. Shock/hypotension,

D. Rigors, E. Abdominal pain, F. Leucocytosis of
>15,000 cells/pL, G. Serum creatinine of >50% above
baseline, H. Serum creatinine >133 pmol/L,

1. Pseudomembranous colitis on endoscopy, J. Evidence
of colitis or ascites on CT imaging, K. Other (please
specify)

A. Yes—using the ESCMID definition of severe-
complicated CDI, B. No, C. If you use another definition,
please specify

A. Metronidazole, B. Vancomycin, C. Fidaxomicin,

D. Extended fidaxomicin, E. Bezlotoxumab, F. Tapering
vancomycin regimen, G. Immunoglobulin therapy,

H. Faecal microbiota transplantation, I. Other (please
specify)

A. No, I no longer use metronidazole for CDI
management, B. Yes, part of Ist choice, C. Yes, only in a
selected low risk* patient group (*risk refers to adverse
outcome/recurrence)

(continued)
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Table 3 (continued)

Question
What is first choice for an initial episode? *

Which of the following factors influence the choice of
treatment for CDI? (please select all relevant factors that
influence choice of CDI treatment)

If other factors influence your choice of treatment for CDI,
what are they?

Are there restrictions in your country for clinical use of
new/novel anti-CDI therapies, e.g. monoclonal antibodies,
fidaxomicin?

Which restrictions apply? (tick all that apply)

— Not used if patient’s unable to swallow oral
FMT (n=1)
— Use as an option for severe CDI when sur-
gery is not possible (n = 1)
* Bezlotoxumab
— Availability (n = 3)
— Often only used in high-risk cohorts (n = 1)
* Immunoglobulin therapy
— Used as an option for severe CDI when
surgery is not possible (n = 1)

Approval pre-prescription was required before
vancomycin (n = 3, 5%), fidaxomicin (n = 10,
6%), bezlotoxumab (n = 11, 17%) and FMT
(n = 10, 6%).

Only six countries were represented in both
surveys. The comparison of data from these
countries reveals a decrease in metronidazole
utilisation as a first-line treatment option for first
episode CDI among respondents from all six
countries (82.4% in 2017 vs 34.8% in 2022) and
first CDI recurrence (23.5% in 2017 vs 8.7% in
2012). This decrease coincides with a rise in the
use of fidaxomicin, from 17.6% in 2017 to 43.5%
in 2022 (first episode CDI) and from 47.1% to
82.6% (first CDI recurrence). Though there was
little change in prescription of vancomycin for
first episode CDI between the two surveys
(70.6% in 2017 vs 73.9% in 2022), vancomycin

F. Fitzpatrick et al.

Answer choices

A. Metronidazole, B. Vancomycin, C. Fidaxomicin,
D. Fidaxomicin in selected high-risk* patient group
(*risk refers to adverse outcome/recurrence)

A. N/A, B. New CDI, C. Recurrent CDI (first episode),
D. Recurrent CDI (second episode), E. Recurrent CDI (>
third episode), F. History of CDI, G. Severe CDI, H. Host
factors, e.g. serum albumin, age, I. Other factors (please
state)

Yes/no

A. Health technology assessment, B. Pharmacoeconomic
review, C. National committee approval, e.g. drugs and
therapeutics, D. Local committee approval, E. CEO
approval, F. Regulatory authority, G. I don’t know,

H. Other (please specify)

use decreased for first CDI recurrence (88.2% in
2017 to 34.8% in 2022). However, the accessibil-
ity of anti-CDI agents improved between the two
surveys. Accessibility to the following agents
increased between the two time periods:
fidaxomicin (52.2% in 2017 vs 91.3% in 2022),
immunoglobulin therapy (34.8% vs 43.5%) and
FMT 47.8% vs 652%). The number of
respondents who reported requiring approval
prior to the prescription of certain anti-CDI agents
has decreased from 55.8% in 2017 to 34.8%
in 2022 (Tables 4 and 5).

4 Clostridioides difficile Pipeline
Prophylactic and Therapeutic
Agents

The four current approved therapeutic agents for
CDI vary markedly in efficacy. While metronida-
zole has historically been the most commonly
used option for treating CDI, as previously
discussed, it is now known that this antibiotic is
inferior to vancomycin (Johnson et al. 2014;
Nelson et al. 2017). Concern regarding treatment
failures with metronidazole remains (Vardakas
et al. 2012). Metronidazole achieves poor
intraluminal colonic concentrations, especially
as mucosal inflammation subsides, such that the
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Table 5 Recommendations for CDI management in 14
European countries with national CDI guidelines. Two
countries with local guidelines were not included as

Recommendation

Surveillance of CDI, n (%)

Laboratory diagnosis of CDIL, n (%)

Treatment of patients with CDI, n (%)

Management of outbreaks and clusters of CDI, n (%)
CDI key performance indicators (KPIs), n (%)

Audit of guideline implementation, n (%)

Other recommendations, n (%)

antibiotic may be undetectable as diarrhoea
resolves. Also some C. difficile isolates show
reduced susceptibility to metronidazole, which
may be relevant given the suboptimal pharmaco-
kinetics for this antibiotic in CDI. Laboratory
detection of reduced metronidazole susceptibility
is itself problematic with variations in methodol-
ogy and MIC interpretation limiting analysis of
trends and comparisons with published data
(Moura et al. 2013).

Fidaxomicin and bezlotoxumab, a monoclonal
anti-toxin B have been shown to reduce the risk of
recurrent CDI by 40-50% in comparison with
vancomycin alone (Wilcox et al. 2017; Cornely
et al. 2012; Crook et al. 2012). High-acquisition
cost of fidaxomicin has inhibited uptake in some
settings and was observed in our survey of
European countries as outlined above. However,
a real-world study suggested a reduction in mor-
tality associated with fidaxomicin use and that
this was therapy was cost-effective (Goldenberg
et al. 2016). In the phase 3 trials, bezlotoxumab
was associated with a significant reduction in CDI
readmissions.

The ideal antimicrobial agent for CDI should
reduce vegetative C. difficile cells, toxins and
spores in the host gut lumen without perturbation
of the host microbiota, both to avoid creating an
environment that is conducive to C. difficile
expansion or to select for resistant potential
pathogens (e.g. vancomycin resistant enterococci
(VRE) or multiresistant Gram-negative bacilli)
(Chang et al. 2008). This is a very challenging
profile for an antibiotic, and indeed recent
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applicable data was not available for these countries. Com-
parison made to 2018 survey

Included in guideline

Number (r) and percentage (%) of countries

2017 2023
11 (79) 8 (57)
12 (86) 13 (93)
13 (93) 14 (100)
11 (79) 8 (57)
320 6 (43)
320 4 (29)
5(36) 0(0)

‘failures’ of two antimicrobial agents in late-
stage clinical trials emphasise how difficult it is
to improve on current CDI therapies.

Emerging treatment options for CDI have been
recently reviewed (Gonzales-Luna et al. 2023). In
the following section, we update the data on
options for CDI management that were consid-
ered emerging at the time of publication of the
previous version of this chapter. Some of these
options have been discontinued; others are now
included in CDI guidelines, and others like
ridinilazole, live biotherapeutic products and tox-
oid vaccine look promising. Ibezapolstat (previ-
ously ACX-362E) is a  Gram-positive
antimicrobial that inhibits bacterial DNA poly-
merase IIIC. This polymerase is present in
Gram-positive bacteria including C. difficile
though absent in Actinobacteria and Gram-
negative host microbiota. It is an effective CDI
therapy in animal models achieving high colonic
and low systemic concentrations (van Eijk et al.
2019). In a recent phase 2a study (Garey et al.
2022), sustained clinical cure was reported in ten
(of ten) CDI patients. Ibezapolstat was well
tolerated, demonstrated high colonic and low sys-
temic concentrations with beneficial microbiome
and bile acid results (Tables 4, 5 and 6).

4.1 Surotomycin and Cadazolid

Surotomycin, an oral lipopeptide derivative of
daptomycin, was examined in two phase 3 trials
(NCT01598311 and NCT01597505) but did not
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Table 6 Anti-CDI agents in the pipeline agents that have completed at least a phase 2 clinical trial for treatment or
prevention of CDI

Clinical
trial phase

Phase III

Phase 2

Drug/product
(developer)

C. difficile vaccine
(Sanofi Pasteur)

C. difficile vaccine
(Pfizer)

SER-109 (Seres)

Ridinilazole

RBX2660 (Rebiotix)

Ridinilazole (SMT
19969, Summit)

RBX2660 (Rebiotix)
SYN-004 (Synthetic

Biologics)

VLAS84 (Valneva)

Non-toxigenic C. difficile

(Viropharma)

Ramoplanin
(Nanotherapeutics)

Indication notes

Primary prevention of CDI.

NCTO01887912: efficacy of vaccine (three doses) containing toxin A and B
toxoids

Last update posted: March 28, 2022

Terminated (the Independent Data Monitoring Committee (IDMC)
concluded that the probability that the study will meet its primary objective
is low)

Primary prevention of CDI

Vaccine containing toxoids of toxin A and B. Three doses

NCT03090191: efficacy of vaccine (three doses) containing toxin A and B
toxoids

Update: The full results are yet to be published though preliminary results
are available on the company’s website (Pfizer 2022)

Treatment of recurrent CDI

Oral microbiome therapeutic (mixture of bacterial spores) tested in a single-
arm, open-label clinical trial

NCT03183128: Is SER-109 superior vs placebo to reduce recurrence

of CDI?

Update: Ended early due to COVID-19 pandemic. The study found that
SER-109 was superior to placebo in reducing the risk of recurrent CDI (12%
in the SER-109 group vs 40% placebo group), and the safety profile of
SER-109 was similar to that of placebo

Treatment of CDI

NCT03595553: A global phase 3 trial evaluated ridinilazone (200 mg BD)
versus vancomycin (125 QDS) for 10 days

Status: Completed

NCT03244644: PUNCHCD?3 is a prospective, multicentre, randomized,
double-blinded, placebo-controlled phase 3 study of a microbiota
suspension of intestinal microbes

Status: Completed, enrolling for PUNCH CD3-OLS (NCT03931941)
Treatment of CDI

Ridinilazole is a novel, small molecule, highly selective antibiotic.
Successful phase 2 trial completed; phase 3 initiation expected 2018
Treatment of recurrent CDI

Microbiota suspension. Three completed phase 2 trials

Expected to enter phase 3 in 2017/2018

Prevention of CDI. SYN-004 is a class A b-lactamase

Successful phase 2 trial completed

Phase 2b trial: A study of SYN-004 for the prevention of C. difficile in
patients with a LRTI completed (NCT02563106)

SYN-004 safety and tolerability in Allo-HCT subjects recruiting
(NCT04692181)

Primary prevention of CDI

Vaccine consisting of a fusion protein with portions of toxins A and B
Successful phase 2 trial completed in 2016

Phase 3 trial not planned

Prevention of recurrent CDI

Biological therapy. Completed successful phase 2 trial in 2013

Phase 3 trial not planned

Treatment of CDI

No new clinical efficacy data published since a phase 2 study was completed
in 2004. Development plans/potential is therefore unclear. No clinical
studies listed in clinicaltrials.gov
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demonstrate non-inferiority compared with van-
comycin (Boix et al. 2017). Notably, surotomycin
dosing caused an overgrowth of Gram-negative
bacilli in both in mice and in a gut model of CDI
that is highly predictive of human disease; recur-
rent CDI was also seen in the latter model
(Deshpande et al. 2016; Chilton et al. 2014b). A
more recent meta-analysis (surotomycin versus
vancomycin) again noted no significant difference
in clinical cure and CDI recurrence overall, though
lower rates of recurrence with surotomycin if
NAP1/BI/027 (Muhammad et al. 2019). No further
studies have been performed since 2017, and it
appears that its production was discontinued due
to its non-superiority to current therapies.

Cadazolid (Actelion), a novel hybrid
oxazolidinone-fluroquinolone  antibiotic  that
inhibits C. difficile protein synthesis and, to a
lesser extent, DNA synthesis, did not meet its
primary endpoint in comparison with vancomy-
cin in one of two phase 3 trials (Actelion Ltd.
2017; Gehin et al. 2015; Chilton et al. 2014a;
Baldoni et al. 2014). This may relate to the activ-
ity of cadazolid on the gut microbiome in vivo
and/or persistence of C. difficile spores (Chilton
et al. 2014a). In 2018, Johnson and Johnson
announced the cessation of its clinical develop-
ment program for cadazolid for CDI (Daley et al.
2017).

4.2 Ridinilazole

Ridinilazole = (SMT19969) is a novel,
non-absorbable, very-narrow-spectrum antimi-
crobial with minimal activity against host gut
microbiota (Goldstein et al. 2013). It appears to
act through classical antibiotic pathways, such as
inhibition of cell wall, protein, lipid, RNA or
DNA synthesis (Vickers et al. 2016). Basseres
et al. described the effects of ridinilazole on
C. difficile cell morphology, as visualised by
scanning electron microscopy and confocal
microscopy (Basseres et al. 2016). Following
exposure to sub-lethal concentrations of
ridinilazole, bacterial cell division was halted,
and there was an absence of septum formation;
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this resulted in marked cell elongation. It has not
been confirmed whether these observations are a
direct effect of ridinilazole or a downstream
response to the antibiotic. Ridinilazole has good
activity against some but not all clostridia; it is 7-
to 17-fold more active in vitro than metronidazole
and vancomycin and has similar potency to
fidaxomicin against C. difficile (Baines et al.
2015; Weiss et al. 2014; Sattar et al. 2015;
Corbett et al. 2015). Notably, in vitro, in vivo
and gut model data confirm that ridinilazole has
little antimicrobial activity against indigenous gut
microflora groups, except selected clostridia
(Freeman et al. 2015b; Goldstein et al. 2013;
Baines et al. 2015; Corbett et al. 2015; Chang
et al. 2016b).

Safety and tolerability of ridinilazole was
established in healthy subjects and in a recently
reported phase II randomised double-blind trial
(CoDIFy) (Vickers et al. 2015, 2017). CoDIFy
was designed as a non-inferiority study and com-
pared 10 days therapy of either oral ridinilazole
200-mg BD or oral vancomycin 125 mg QDS.
Sustained clinical response rates were 67% and
42%, respectively (n = 69 mITT population);
CDI recurrence occurred in 14% of ridinilazole
recipients compared with 35% of vancomycin
subjects; this difference meant that ridinilazole
achieved a sustained response rate of 66.7% vs
42.4% for vancomycin, which met pre-set statis-
tical superiority criteria (Vickers et al. 2017).
Microbiome analyses of faecal samples from
subjects in this phase 2 study showed that vanco-
mycin recipients had a marked loss of diversity
and replacement of the predominant phyla of
healthy stool (Bacteroides and Firmicutes) by
Enterobacteriaceae. These disruptions were still
present 2 weeks after the end of treatment, even in
subjects who had not had a recurrence at that
point. By contrast, ridinilazole had a minimal
effect on gut microbiota (Chang et al. 2016a).

Treatment with ridinilazone was recently
reported to significantly decrease the rate of
recurrent CDI compared with vancomycin
(Okhuysen et al. 2022). A global phase 3 trial
evaluated ridinilazone (200 mg BD) versus van-
comycin (125 QDS) for 10 days. Of 745 patients
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in the modified intention-to-treat analysis
(ridinilazone n = 370; vancomycin n = 375),
there was no difference in sustained clinical
response as defined by clinical response and no
recurrent CDI though 30 days post end of treat-
ment. However, patients treated with ridinilazole
had significantly reduced rates of recurrent CDI
compared with those in the vancomycin group
(8.1% vs 17.3%, respectively; P =.0002). This
was more significant among patients who were
not receiving additional antibiotics, with CDI
recurrence rates of 6.7% and 16.5% observed
among those in the ridinilazone and vancomycin
groups, respectively (P =.0005). Of note,
increased microbiome diversity and reduced
abundance and concentrations of faecal second-
ary bile acids at treatment completion was noted
in patients who received ridinilazole.

A clinical trial (clinicaltrials.gov,
NCTO04802837) comparing ridinilazole versus
vancomycin for CDI treatment is currently under-
way in adolescents aged 12—17 years.

A longitudinal study comparing ridinilazole
versus vancomycin indicated that ridinilazole
maintains an intestinal bile acid profile associated
with a lowered risk of CDI recurrence (Qian et al.
2020). In this study, the ratio of conjugated to
secondary bile acids in patients treated with van-
comycin increased almost 100-fold increase,
whereas ridinilazole had little  impact.
Bacteroidales and Clostridiales spp. were
depleted in the vancomycin group but preserved
at near-baseline levels in the ridinilazole group.
Bile acid ratios at the end of CDI treatment were
significantly different between in those with CDI
recurrence.

4.3 CDI Prophylaxis

As outlined in Sect. 2.4 previously, the updated
ESCMID guidelines contain a new section on the
role of anti-CDI antibiotic prophylaxis for
patients on systemic antibiotic treatment. The
most hopeful strategies are those aimed at reduc-
ing changes in intestinal microbiota and develop-
ment of non-toxin-based vaccines.
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4.3.1 Ribaxamase

Ribaxamase (SYN-004, synthetic biologics) is a
recombinant beta-lactamase that has been
formulated to be administered orally in patient
receiving beta-lactam antibiotic therapy (Kaleko
et al. 2016; Connelly et al. 2015). Ribaxamase
degrades unmetabolised antibiotic in the colon to
reduce the deleterious effects on the gut
microbiota (Roberts et al. 2016). Animal studies
have demonstrated safety and notably no reduc-
tion in the systemic concentration of
co-administered ceftriaxone (Connelly et al.
2015). A phase 2 double-blind placebo-controlled
study has examined the potential of ribaxamase to
prevent CDI, antibiotic-associated diarrhoea and
the emergence of antimicrobial-resistant potential
pathogens in patients hospitalized with a lower
respiratory tract infection treated with IV ceftri-
axone (Synthetic Biologics 2017). Patients who
received ribaxamase had a 71.4% relative risk
reduction for CDI (P = 0.045). There was also a
significant reduction in new colonisation by VRE
in ribaxamase versus placebo recipients
(P = 0.0002). Adverse events were similar in
active and placebo patients.

A subsequent phase 2b proof-of-concept study
of 412 hospitalized patients reported that the
co-administration of ribaxamase with ceftriaxone
resulted in a 2.4% reduction in CDI occurrence,
although the lower limit of the 95% confidence
interval did fall below zero (—0.6), indicating the
possibility of no effect. Microbiome analysis
demonstrated reduction of ceftriaxone-induced
changes in patients treated with ribaxamase that
recovered more quickly than placebo. A
subsequent analysis reported reduced changes to
the gut resistome subsequent to ceftriaxone
administration in patients also treated with
ribaxamase (Kokai-Kun et al. 2019, 2020).

4.3.2 DAV132

Another novel approach to CDI prophylaxis is
DAV132 (DaVolterra), which is an activated
charcoal based product that is administered as an
enteric coated capsule. DAV132 irreversibly
captures antibiotics in the intestine while
avoiding interruption of antibiotic absorption.
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DAV132 has been examined in a proof-of-con-
cept study involving 18 healthy subjects who had
received DAV 132, uncoated formulated activated
charcoal (FAC) or water 16 and 8 h before, along-
side the probe drugs, and 8 h thereafter. The
AUCO0-96 h of amoxicillin was reduced by more
than 70% when it was taken with FAC, but was
not adversely affected when taken with water or
DAV132. By contrast, the AUC0-96 h of
sulfapyridine was reduced by >90% when
administered with either FAC or DAVI132 in
comparison with water. Hence, DAV132 can
selectively adsorb drugs in the proximal colon,
without interfering with their absorption.

In  healthy volunteers treated  with
moxifloxacin, DAV-132 was shown to be effec-
tive to protect the gut microbiome (de Gunzburg
et al. 2018). In this study, one group received
moxifloxacin with DAVI132 coadministration
(n = 14), while another group received
moxifloxacin alone (n = 14). Additionally, two
control groups of eight volunteers each were
included, one receiving DAV 132 alone and the
other receiving a nonactive substitute.

When DAV132 was co-administered with
moxifloxacin, free moxifloxacin faecal
concentrations decreased by 99%, with plasmatic
levels remaining largely unaffected. Shotgun
quantitative metagenomics were used to analyse
the composition of the intestinal microbiota,
which was mostly preserved in subjects who
were co-treated with DAV 132. Furthermore, no
adverse effects were observed. Ex vivo
experiments also demonstrated that DAV 132 effi-
ciently adsorbed a broad range of clinically rele-
vant antibiotics.

A recent randomized control trial (Vehreschild
et al. 2022), designed to assess safety and efficacy
of DAV132 in 243 hospitalized patients receiving
fluroquinolones (123 of whom also received
DAV132), reported no significant difference in
adverse effects: 18 (14.8%) DAVI132 vs
13 (10.8%) No-DAV132 patients (difference
3.9%; 95% CI. —4.7 to 12.6). DAV132 was
associated with a >98% reduction in faecal
fluroquinolone levels (Day 4 to end of treatment;
P < 0.001), less impaired microbiota diversity
(Shannon index; P = 0.003), increased ex vivo

F. Fitzpatrick et al.

resistance to C. difficile  colonization
(P = 0.0003) and less frequent FQ-induced
VRE acquisition (P = 0.01).

4.4 Active C. difficile Inmunisation
Vaccination to boost host antibody-mediated
immunity is an attractive strategy to prevent
CDL. The relative importance of C. difficile toxins
A and B to human infection remains controver-
sial, but host immune response to these toxins
likely influences the likelihood of infection, clini-
cal severity and outcome of CDI (Solomon et al.
2013; Kuehne et al. 2010). Higher serum IgG
levels to toxin A have been shown in patients
with asymptomatic colonisation compared with
those with CDI, and recurrent infection is
associated with poor IgG and IgM responses
(Kyne et al. 2000, 2001). Interestingly, the effec-
tiveness of the anti-toxin B monoclonal antibody
bezlotoxumab at reducing the risk of CDI recur-
rence was not enhanced by the addition of an anti-
toxin A monoclonal antibody, actoxumab; also,
actoxumab alone was not efficacious at
preventing recurrence. Nevertheless, it remains
logical to design a vaccine around the augmenta-
tion of the host response to both toxins A and B
(Kuehne et al. 2010). Other C. difficile antigens
may also be important, noting, for example, that
antibodies to surface proteins are greater in
colonised versus infected patients (Pechine et al.
2005). To date, two vaccine candidates have
completed phase 3 trials (PF06425090 (Kitchin
et al. 2020) and a Sanofi Pasteur vaccine candi-
date that has yet to be named (de Bruyn et al.
2021)) with two additional vaccine candidates in
early clinical trials (GSK2904545A (clinicaltrials.
gov, NCT04026009) and VLA84 (clinicaltrials.
gov, NCT02316470)).

Three vaccines that use C. difficile toxin
targets have progressed to phase 2 or 3 clinical
development. The first to reach a phase 3 clinical
trial is a formalin-inactivated toxoid-based vac-
cine developed by Sanofi Pasteur (Foglia et al.
2012). Following vaccination, seroconversion to
toxin A was more pronounced than to toxin B
(but took up to 70 days) and notably was less
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common in elderly subjects; three vaccine doses
were required to achieve an adequate
neutralising-antibody response (Foglia et al.
2012; Kotloff et al. 2001). A 100-pg dose (given
with an AIOH adjuvant) was found to yield the
best immunogenic response, and a phase 3 trial of
this vaccine in the prevention of primary CDI in
at-risk subjects aged >50 years commenced in
2013 (NCTO01887912). Unfortunately it was
discontinued as it was not shown to prevent CDI
(de Bruyn et al. 2021; Reigadas et al. 2021).
PF06425090 (Pfizer Inc.) is a formalin-
inactivated toxoid-based vaccine, but with
alterations in both toxins A and B to reduce
toxigenicity, has recently completed a phase 3 pri-
mary CDI prevention trial (clinicaltrials.gov,
NCT03090191), also based on a three-dose strat-
egy (Donald et al. 2013; Sheldon et al. 2016). The
phase 3 trial was conducted in people over
50 years who had recent antibiotic therapy (previ-
ous 12 weeks) or were likely to have future con-
tact with the healthcare system. The full results
are yet to be published though preliminary results
are available on the company’s website (Pfizer
2022). Of 8766 people who received
PF06425090 (placebo 8769), vaccine efficacy
was 28.6% (96.4% CI —28.4 to 61.0%) after
dose two and 31% (96.4% CI —38.7 to 66.6%)
after three doses. The vaccine was very well
tolerated and showed a favourable safety profile.
A third C. difficile vaccine candidate (VLAS4,
Valneva) has completed a phase 2 trial with
500 subjects (Valneva 2016). To date this candi-
date has not progressed to phase 3 trials. VLA84
uses a different antigen approach to either of the
two toxoid-based vaccines that are currently
undergoing phase 3 evaluation. VL A84 is a single
recombinant fusion protein consisting of portions
of the C-terminal cell-binding domains of toxins
A and B. The developers claim that production
and characterization of VLA84 could be simpler
and less costly compared with toxoid-based
vaccines. The phase 2 study of VLA84 met its
primary endpoint in terms of identifying the dose
and formulation with the highest seroconversion
rate against both toxins A and B (subjects were
followed up to day 210) and confirmed the
favourable safety profile that was seen in phase 1.
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In a recent paper, the authors Wang et al.
(2022) describe a genetically modified,
nontoxigenic C. difficile strain expressing
immunodominant fragments of toxins A and
B. Oral immunization of mice provided effective
protection against infection with a hypervirulent
strain of C. difficile. This may represent a candi-
date for a novel mucosal vaccine against CDI by
targeting both toxins and colonization of patho-
genic C. difficile.

4.5 Microbiome-Based Therapeutics
In recent years, the central role of the microbiome
in a person’s risk for CDI and subsequence
recurrences has driven renewed investigation of
microbiome-based therapies. The updated 2021
ECCMID CDI treatment guidelines have
reiterated the role of FMT in multiply recurrent
CDI and provided some guidance regarding its
role in other CDIs (e.g. severe infection). Live
biotherapeutic products (LBP) are a promising
option as a strategy to prevent CDI recurrence
by restoration of dysbiosis. As they are regulated
as ‘drugs’ (FDA 2016), they are much more
regulated than, e.g. probiotics, and will therefore
require efficacy as well as safety data before
approval.

4.5.1 Faecal Microbiota Transplantation
The evidence base concerning the effectiveness
of FMT continues to grow, but it remains a non-
regulated product, with many different versions
reported. FMT comprises the administration of a
complex live faeces-derived mixture of
microorganisms, including some of uncertain sig-
nificance (some beneficial, others possibly harm-
ful or neither) and so (particularly longer term)
safety remains unproven. Of particular concern
here is the increasing use of FMT when licensed
CDI therapeutics has not been tried. Hence, dif-
ferent regulatory authorities have taken varied
stances on FMT to safeguard patient interests.
Requirements for consenting subjects, screening
of donors and recipients, faecal material prepara-
tion and delivery via either rectal or nasogastro-/
duodenal routes, mean that there are intensive
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endeavours to develop alternatives to FMT that
can still harness the restorative and protective
effectiveness of specific components of the gut
microbiota, but possibly with greater reassurance
on safety.

The first randomised (sham procedure con-
trolled) trial of FMT to treat recurrent CDI
demonstrated an intention-to-treat (ITT) efficacy
rate of 81% to prevent further recurrences; nota-
bly, however, the study contained only 16 patients
in the FMT arm (van Nood et al. 2013). In a
randomised but non-blinded clinical trial,
39 subjects with recurrent CDI were given FMT
(preceded by vancomycin 125 mg QDS for
3 days), comprising at least 1 infusion of faeces
via colonoscopy or vancomycin 125 mg QDS for
10 days and then 125-500 mg/day every 2—3 days
for at least 3 weeks. The primary endpoint was the
resolution of diarrhoea related to CDI at week 10;
surprisingly, a positive C. difficile test was not
required to define recurrence post-study treatment
(Cammarota et al. 2015). The study was stopped
after a l-year interim analysis, at which point
18/20 (90%) vs 5/19 (26%) patients in the
FMT vs vancomycin treatment groups, respec-
tively, had resolution of C. difficile diarrhoea
(P < 0.0001). There were no significant adverse
events in either of the study groups.

Adults with recurrent or refractory CDI were
enrolled in a randomised, double-blind,
non-inferiority study in six Canadian centres of
freeze-thawed (n = 114) vs fresh (n = 118) FMT
via enema. Clinical resolution without recurrence
up to 13 weeks did not differ significantly in the
per-protocol (83.5% vs 85.1%) and mITT
(75.0% vs 70.3%) populations (Lee et al. 2016).
These results suggest that using freeze-thawed
faecal material is a practicable alternative to
fresh donor material. All patients received sup-
pressive antibiotics for the most recent episode of
CDI, and these were discontinued 2448 h before
FMT; this probably explains why only 38% of the
subjects were positive for toxin or toxin gene
immediately prior to FMT administration. Nota-
bly, about one third of FMT recipients in both
groups, who were ultimately, classified as
resolved, required two FMTs, which is a rela-
tively common observation. A non-blinded,
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non-randomised study of encapsulated (and
freeze-thawed) faeces was performed in
20 subjects with at least 3 episodes of mild-to-
moderate CDI and failure of 6 to 8 weeks of
vancomycin therapy, or >2 episodes of severe
CDI requiring hospitalization (Youngster et al.
2014). Diarrhoea resolution occurred in
14 patients (70%; 95% CI, 47-85%) after a single
capsule-based FMT; 4/6 retreated nonresponders
had resolution of diarrhoea, giving an overall
90% (95% CI, 68-98%) response rate. No serious
adverse events were attributed to FMT.

The six randomised controlled trials of FMT
have been recently reviewed, three that compared
FMT to antibiotic management; the remainder
compared FMT to various ‘types’ of FMT in
terms of preparation, source and delivery (John-
son and Gerding 2017). It is important to note
that, unlike prior uncontrolled studies that
reported FMT efficacy rates of at least 90%, effi-
cacy (for one FMT) in these RCTs was 44-91%,
with four recording success rates of <65%. These
include a randomized controlled trial of FMT
versus a 6-week vancomycin tapering regimen
(VAN-TP) (Hota et al. 2017). VAN-TP was
stopped early for futility; 56% of patients
randomized to FMT by enema developed recur-
rent CDI, compared with 42% VAN-TP
recipients.

There are many important factors for European
clinicians to consider when establishing or using
a FMT service. Factors that should be taken into
account at an institutional level when commenc-
ing an FMT service are the national regulatory
frameworks that FMT falls under (i.e. as a drug or
biological material), donor selection and screen-
ing practices, stool preparation techniques and
long-term safety of microbiome manipulation in
these patients. Concerns regarding the long-term
safety of FMT are not unfounded, especially in
patients with inflammatory bowel disease.
Reports of peripheral neuropathy, Sjogren syn-
drome, idiopathic thrombocytopenic purpura,
microscopic colitis, contact dermatitis, rheuma-
toid arthritis, obesity, bacteraemia and ulcerative
colitis flare after FMT (Tariq et al. 2016; De Leon
et al. 2013; Quera et al. 2014; Alang and Kelly
2015). Institutions need to ensure they are
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working within their national and European
frameworks and regulations. Where national
regulations are absent, comparisons should be
made to international standards to ensure the
highest level of safety. In Europe, the regulation
of FMT is currently at the discretion of the EU
member states, though in many countries no such
national regulation exists. Future planned EU
regulation of FMT donor material may hinder its
widespread use, depending on whether it is
regulated as a drug or bodily tissue. A European
consensus paper provided recommendations on a
number of areas pertinent to FMT implementa-
tion, including regulatory, administrative and lab-
oratory guidelines (Cammarota et al. 2017).

In addition to the management of recurrent
CDI, the 2021 ESCMID guidelines (van Prehn
et al. 2021) note that FMT may also have a role in
severe-complicated refractory CDI especially in
patients that are not considered appropriate for
surgical management and/or as an alternate to
surgical management. However, surgical consul-
tation must always be sought first, and clinicians
would require ready access to standardized,
screened FMT products, and a case-by-case risk
assessment with patient consent should be carried
out prior to a decision regarding FMT. Most
recently, the EarlyFMT trial (Baunwall et al.
2022) examined the role of FMT in patients
with first or second episode of CDI. The trial
was terminated early as FMT was superior in
achieving sustained CDI resolution at 8 weeks.
Surprisingly, the investigators used a positive
PCR test alone to determine CDI, though interna-
tional guidance recommends a two-step testing
protocol (van Prehn et al. 2023). Interestingly,
the low sustained response rate (33%) in the pla-
cebo arm was comparable to previous reports in
patients with multiple recurrent CDI.

4,5.2 Live Biotherapeutic Microbiota
Preparations

4.5.2.1 RBX2660

RBX2660 is a live bio therapeutic microbiota
suspension that aims to harness the effectiveness
of FMT, but within a standardised, regulated
product, for the treatment of recurrent CDI. It
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has been studied in three phase 2 clinical trials.
PUNCH CD (NCT01925417) was a safety-
focussed, prospective multicentre, open-label
study; 34 subjects (with >2 recurrent CDI
episodes or >2 severe episodes resulting in hos-
pitalization) received at >1 dose of RBX2660 and
31 completed 6-month follow-up (Orenstein et al.
2016). Following a 10—14-day course of anti-CDI
antibiotics and a 24-48 h washout period,
RBX2660 was administered as a single dose via
enema. Further recurrent CDI occurred in 48% of
subjects after one dose of RBX2660, with 15/31
patients receiving a second enema; of these,
78.6% were considered to be treatment successes,
contributing to an overall success rate of 27/31
(87.1%). No serious adverse events were related
to RBX2660.

PUNCH CD 2 (NCT02299570) was a phase
2b multicentre randomized double-blind, pla-
cebo-controlled trial with 2-year follow-up
(Dubberke et al. 2016). The primary efficacy
objective was assessment of response (defined
as no CDI recurrence) to RBX2660 versus pla-
cebo at 8 weeks. A total of 127 patients formed
the ITT population (enrolled at 21 sites in the
USA and Canada); patients were randomized
into three treatment arms: two doses of
RBX2660 (Group A, n = 41), two doses of pla-
cebo (Group B, n = 44) or one dose of RBX2660
and one dose of placebo (Group C, n = 42) via
enema with doses 7 days apart. Efficacy for
Group A was 61% vs 45.5% for Group B,
P = 0.152. Efficacy for Group C was 66.7%
compared with Group B (45.5%), P = 0.048;
efficacy of Group A and C (63.9%) vs B
(45.5%), P = 0.046. For subjects who developed
recurrent CDI after receipt of study drug, open-
label treatment success was Group A (68.8%,
11/16); Group B (87.5%, 21/24); Group C
(71.4%; 10/14) for an overall open label success
rate of 77.8%. Adverse events at 56 days were
primarily gastrointestinal, with no significant dif-
ference in the proportion of adverse or serious
adverse events among the treatment groups. As
the two doses of RBX2660 treatment arm was not
superior to two doses of placebo, the primary
efficacy endpoint was not met.
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The third phase 2 study, PUNCH Open Label
(NCT02589847), had 31 active treatment sites
and 4 control sites in the USA and Canada. One
hundred thirty-two RBX2660 and 110 historical
control subjects were included; follow-up results
at 8 weeks have been reported, although there is a
2-year assessment point also (Rebiotix Inc 2017).
RBX2660 met its primary efficacy endpoint at
8 weeks, preventing CDI recurrence, with a suc-
cess rate of 78.8% compared with 51.8% in his-
torical controls treated with antibiotics alone
(P < 0.0001). No new safety concerns were
identified. Analyses of faecal microbiomes
shows that these became more diverse and
aligned to a ‘healthy’ microbiome after treatment
with RBX2660 (Blount et al. 2017; Ray et al.
2017). 16S rRNA sequencing was also performed
on stool samples collected from 42 subjects
treated with RBX2660 treatment arm and for
19 RBX2660 drug lots. The RBX2660 microbial
profiles had similar taxonomic distributions, with
a group mean that was highly divergent and sig-
nificantly different from those of patients at base-
line. However, after RBX2660 treatment,
patients’ microbiomes progressively resembled
those of RBX2660.

The phase 3 randomized, double-blind, pla-
cebo-controlled trial (PUNCH CD3) of
RBX2660 (Khanna et al. 2022a) was recently
conducted in adults who had one or more CDI
recurrences and were previously treated with
antibiotics. Participants were randomly assigned
to receive either RBX2660 (n = 180) or a placebo
enema (n = 87), with the primary endpoint being
the absence of CDI diarrhoea within 8 weeks of
treatment. Because of difficulties recruiting
patients because of the COVID-19 pandemic,
the use of a Bayesian analysis to assess the pri-
mary endpoint that incorporated patients receiv-
ing one dose of RBX2660 from the phase
2 PUNCH CD2 trial and patients from the
PUNCH CD3 trial was permitted. This
demonstrated a treatment success rate of 70.6%
with RBX2660 vs 57.5% with placebo, with an
estimated treatment effect of 13.1%. The
sustained response rate was high for both groups
after 6 months. RBX2660 was generally well-
tolerated but had a higher incidence of mild
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gastrointestinal events compared to placebo.
Overall, the study concluded that RBX2660 is a
safe and effective treatment for reducing recurrent
CDI following standard-of-care antibiotics.
Updated interim analysis of PUNCH CD3-OLS
(Kraft et al. 2021) in a patient cohort with broad
eligibility criteria (including inflammatory bowel
disease and irritable bowel syndrome) reported
that RBX2660 consistently reduced CDI recur-
rence and was well-tolerated. Across all five
trials, treatment success has ranged from 50 to
79% (Bancke and Su 2021).

4.5.2.2 SER-109
SER-109 (Seres) is also a live biotheraputic that
comprises an encapsulated mixture of purified
Firmicutes spores, obtained from the faeces of
healthy humans, which were effective at
preventing CDI in animal models. The resilience
of the spores means that an ethanol-based purifi-
cation process can be applied to reduce the risk
that transmissible infectious agents contaminate
the therapeutic product. Also, resistance to gastric
acid facilitates oral dosing. Two phase 2 studies
of SER-109 have been completed. The first was a
non-comparative study in patients with >3 CDI
episodes during 12 months (Khanna et al. 2016).
Following standard-of-care CDI antibiotic treat-
ment, patients received SER-109 either on 2 con-
secutive days (geometric mean dose, 1.7 x 10°
spores) or on 1 day (geometric mean dose,
1.1 x 10® spores). The primary endpoint was
absence of C. difficile-positive diarrhoea during
8 weeks of follow-up. In total, 26/30 patients
(86.7%) across the 2 dosing groups met the pri-
mary efficacy endpoint. Three patients with early,
self-limiting C. difficile-positive diarrhoea did not
require antibiotic treatment and were C. difficile-
negative on re-testing at 8 weeks; thus, 29/30
(96.7%) were considered to have achieved clini-
cal resolution. Notably, gut microbiome analyses
showed that baseline loss of microbiota diversity
was rapidly reversed after receipt of SER-109,
with persistence of Firmicutes spores. There
were no safety concerns in the study.

A phase 2 (ECOSPORE) study of SER-109
enrolled 89 subjects with >3 recurrences who
were randomized (2:1 ratio) in a placebo-
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controlled, double-blind, 24-week trial (Trucksis
et al. 2017). SER-109 was administered orally as
a single dose (1 x 10® bacterial spores), after CDI
antibiotic treatment. Recurrence was defined as
diarrhoea for >2 consecutive days, a positive CDI
test and the need for antibiotic treatment. The
study’s primary endpoint of reducing the relative
risk of CDI recurrence at 8§ weeks was not
achieved, despite a (nonsignificant) reduction in
the relative risk of CDI recurrence. In the ITT
population, recurrence occurred in 44% (26/59)
vs 53% (16/30) of subjects who received
SER-109 vs  placebo, respectively. A
pre-specified sub-group analysis showed that the
lack of efficacy of SER-109 to prevent recurrence
occurred in subjects aged <65 years old. How-
ever, in subjects aged >65 years old, CDI recur-
rence occurred in 45% of SER-109 (14 of 31)
recipients, and in 80% of those who received
placebo (12 of 15). A re-analysis showed that
the disappointing results may be because cases
were included and recurrences diagnosed without
the most stringent requirement for free faecal
toxin to be present. Also, while SER-109 was
biologically active, a higher dose may be
necessary.

The phase 3, double-blind, randomized,
placebo-controlled = ECOSPOR  III  trial
(Feuerstadt et al. 2022) included the requirement
for a positive C. difficile toxin assay for eligibility
and used an increased dose of four SER109
capsules given once daily for 3 days. Patients
who had three or more CDI episodes received
SER-109 or placebo after standard-of-care antibi-
otic treatment. The primary objective was to show
the superiority of SER-109 in reducing the CDI
recurrence risk up to 8 weeks after treatment.
Because of the COVID-19 pandemic, the trial
ended early with 182 enrolled patients. The
study found that SER-109 was superior to pla-
cebo in reducing the risk of recurrent CDI (12%
in the SER-109 group vs 40% placebo group),
and the safety profile of SER-109 was similar to
that of placebo. SER-109 dose species were
detected as early as week 1 and were associated
with bile acid profiles that inhibit C. difficile spore
germination. Most recently, SER-109 was shown
to be well tolerated in patients with recurrent CDI
and comorbidities (Sims et al. 2023). In this study
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of 263 patients with a history of recurrent CDI,
the rate of recurrent CDI was low at 8.7% regard-
less of the number of prior recurrences or diag-
nostic approach.

4.5.2.3 Non-toxigenic C. difficile
Non-toxigenic C difficile (NTCD) strains are avir-
ulent. Theoretically, it may be possible to displace
toxigenic strains in colonised (or infected)
individuals. A randomized, double-blind, pla-
cebo-controlled, dose-ranging study examined
the efficacy of a NTCD strain to prevent recurrent
CDI in patients with either primary (>80%) or
recurrent CDI who had completed treatment with
metronidazole, vancomycin or both (Gerding
et al. 2015). Approximately two thirds (69%) of
recipients became colonised by NTCD. CDI
recurrence rates were 2% in colonized subjects,
compared with 31% (similar to placebo) in those
not colonised (P < 0.001), highlighting the corre-
lation between engraftment and clinical efficacy.
Interestingly, no subjects who were colonised at
week 6 remained so at week 26. It remains
unclear whether this successful proof of concept
phase 2 clinical trial will lead to commercial
development of NTCD.

5 Summary

In summary, there are varied approaches in
advanced clinical trials for the primary preven-
tion, treatment and/or secondary prevention of
CDI. Unfortunately, however, recent experience
shows us that developing new management
options for CDI is very challenging. Well-
designed trials with clearly defined patient
populations are key to delivering new therapeutic
and preventative options. Research gaps outlined
in the 2021 ESCMID guidelines include
delineating optimal CDI treatment and treatment
algorithms in large-scale trials independent from
pharmaceutical industry, investigation of the
exact mechanism of FMT for CDI treatment and
health-economic studies in different settings and
population for selection of CDI treatments. The
updated European survey among clinical micro-
biologist and infectious disease specialists
indicates that significant variation remains
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among CDI management practices in Europe.
Implementation of CDI guidelines is not routinely
audited. Access to anti-CDI agents still impacts
treatment practices in some countries.
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Check for
updates

Serena Porcari, Marcello Maida, Stefano Bibbo, James Mcllroy,
Gianluca laniro, and Giovanni Cammarota

Abstract

Clostridioides difficile infection (CDI) is one
of the most common healthcare-associated
infections and one of the leading causes of
morbidity and mortality in hospitalized
patients in the world. Although several
antibiotics effectively treat CDI, some
individuals may not respond to these drugs
and may be cured by transplanting stool from
healthy donors. FMT has demonstrated
extraordinary cure rates for the cure of CDI
recurrences.

Moreover, FMT has also been investigated
in other disorders associated with the alteration
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of gut microbiota, such as inflammatory bowel
disease (IBD), where the alterations of the gut
microbiota ecology have been theorized to
play a causative role. Although FMT is cur-
rently not recommended to cure IBD patients
in clinical practice, several studies have been
recently carried out with the ultimate goal to
search new therapeutic options to patients.

This review summarizes data on the use of
FMT for the treatment of both CDI and IBD,
with a special attention to highlight studies
conducted in European countries.

1 Introduction

The gut microbiome could be considered as a
large community of microorganisms inhabiting
the mucosa of the gastrointestinal tract, which
consists of over 500 different species (Thursby
and Juge 2017; laniro et al. 2014a, 2015). Gut
microbiome harbors 10'* organisms and a num-
ber of microbial genes that are thousands times
larger than human genomes (laniro et al. 2014b;
Cani 2018). For this reason, gut microbiome
could be considered a “super-organism” (Kramer
and Bressan 2015).

Gut microbiome is involved in several
functions, such as the digestion and absorption
processes (El Kaoutari et al. 2013; Venema 2010;
Ianiro et al. 2014a), the synthesis of nutrients
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(LeBlanc et al. 2013), the regulation of the gut
barrier, and the facilitation of the innate and
immune system development (Wu and Wu
2012; Cardinale et al. 2020; Bibbo et al. 2014).
Moreover, gut microbiome is involved in promot-
ing health, and its perturbation is recognized in
many communicable and noncommunicable
chronic disorders (Ianiro et al. 2020). For this
reason, the manipulation of gut microbiota has
been investigated as treatment option of several
disorders.

Fecal microbiota transplantation (FMT) is
defined as the transfer of feces from a healthy
donor to a recipient to treat disorders directly or
indirectly associated with a microbiome
imbalance.

Nowadays, FMT is considered a highly effec-
tive treatment against Clostridioides difficile
infection (CDI), with a success rate of nearly
90%; for this reason, FMT is recommended by
international guidelines (McDonald et al. 2018;
Van Prehn et al. 2021; Kelly et al. 2021;
Cammarota et al. 2017) and it is considered a
valid treatment option in clinical practice, for
patients after a second or further episode of recur-
rent CDI and for patients with acute, severe,
and/or fulminant CDI that is refractory to antibi-
otic therapy, especially when patients are poor
surgical candidate (Kelly et al. 2021).

FMT has also been investigated in a lot of
noncommunicable chronic disorders, including
inflammatory bowel disease (IBD) (Cammarota
et al. 2015a; Ianiro et al. 2015) with promising
results (Sokol et al. 2020), but its efficacy rates
are lower than for CDI; for these reasons, FMT in
IBD is still considered an investigational treat-
ment. FMT is, however, currently not
recommended to cure IBD patients in clinical
practice (Cammarota et al. 2017).

This review summarizes data on the use of
FMT for the treatment of both CDI and IBD,
with a special attention to highlight studies car-
ried out in European countries.
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2 Fecal Microbiota
Transplantation
for Clostridioides difficile
Infection

2.1 The Burden of Clostridioides

difficile

Clostridioides difficile (CD) is a spore-forming,
anaerobic, gram-positive bacteria and is spread
via the oral-fecal route. The infection generally
implies two factors: the presence (endogenous
infection) or acquisition (exogenous infection)
of CD and an altered composition of gut
microbiota. Different factors could facilitate
CDI, including older age, hospitalization, recent
use of antibiotics, long-term therapy with proton
pump inhibitors, and chronic kidney disease
(Asha et al. 2006; Mullane et al. 2013; Stevens
et al. 2011).

Usually, the proliferation of Clostridioides dif-
ficile in the large intestine is encouraged by an
impaired gut microbiota. The main bacterium vir-
ulence factors are toxin A (TcdA) and B (TcdB),
which are responsible for mucosal inflammation
and disruption of colonic epithelium. The most
frequent symptoms of CDI are lower abdominal
pain, fever, and diarrhea. Clinical pictures of CDI
are variable and range widely from mild colitis to
fulminant disease with toxic megacolon and
death.

According to recent update of European
guidelines (Van Prehn et al. 2021), diagnosis of
CDI is defined as:

— clinical findings compatible with CDI and
microbiological evidence of Clostridioides dif-
ficile free toxins by enzyme immunoassay with-
out reasonable evidence of another cause of
diarrhea

— a clinical picture compatible with CDI and a
positive nucleic acid amplification test
(NAAT) or positive toxigenic Clostridioides
difficile culture
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— the presence of pseudomembranous colitis,
diagnosed during endoscopy, after colectomy
or on autopsy, in combination with a positive
test for the presence of toxigenic Clostridioides

difficile.

A refractory CDI is defined as a not responding
to recommended CDI antibiotic treatment, or
related to a no response after 3—5 days of therapy.

Moreover, European guidelines reported the
definition of recurrence as the presence of CDI
evocative symptoms within 8 weeks after a previ-
ous episode, provided the symptoms from the pre-
vious episode resolved after completion of initial
treatment.

In the last decades, CDI has been emerged as a
leading cause of healthcare-associated infection
in Western countries, with an incidence rate
ranges from 1.1 to 631.8 per 100,000 population
per year globally (Balsells et al. 2019).

This data has been confirmed, in a recent sys-
tematic review of 185 studies, reporting data
about CDI incidence, rate and number of
recurrences and risk factors, from different
countries (France, Germany, Italy and Spain,
UK, Poland, US, Canada, Australia, Japan, and
China). The authors reported that the median CDI
incidence per 10,000 patient days was 4.00
(0.30-74.4) (Finn et al. 2021).

Moreover in a recent meta-analysis, Balsells
et al. (2019) evaluated the CDI incidence rate, for
health care facility (HCF)-associated, hospital
onset-health care facility-associated, medical or
general intensive care unit (ICU), internal medi-
cine (IM), long-term care facility (LTCF), and
community-associated (CA), from 41 countries,
and reported CDI rates more high among ICU and
IM patients (11.08 and 10.80 per 1000
admissions/year, respectively) and for HCF
patients (2.24 per 1000 admissions/year).

The health and economic burden of CDI is
closely related to the recurrence of CDI. Recurrent
CDI is directly associated with a rise of medical
costs compared with primary episodes, because of
an extension of the hospitalization length due to
an increase of life-threatening complications. The
most common rCDI complications are
pseudomembranous colitis (PMC), bloodstream

infection (BSI), toxic megacolon, shock, perfora-
tion, and death (Shields et al. 2015; Olsen et al.
2015; Falcone 2015.

Among Western countries, rCDI occurs in
approximately 15-35% of all CDI cases and
data suggest that second and subsequent
recurrences are common among patients who
experience a recurrent episode, with an increased
incidence rate of 50—60% after the second recur-
rence (Singh et al. 2019).

Similar epidemiological data are observed in
the Eastern countries. In a meta-analysis of
51 studies, similar incidence rates for CDI,
between Asia and Western countries, particularly
Europe and North America, were reported
(Borren et al. 2017).

In recent years, these previous data have been
confirmed in several studies, in which an increase
in the spread of CDI, among low- and middle-
income countries, such as India and Africa, has
been related to the frequent use of antibiotics as
empirical therapy (Ghia et al. 2021; Monaghan
et al. 2022; Kulling et al. 2022; De Jager et al.
2021).

This raise in incidence and virulence of CD
can be explained, at least in part, by the outbreaks
of CDI in healthcare facilities, the spread of
fluoroquinolone-resistant strains belonging to
the PCR-ribotype 027 and by inappropriate anti-
biotic usage, which leads to compositional and
functional changes in the gastrointestinal
microbiome (Warny et al. 2005; McDonald
et al. 2005; Imwattana et al. 2020).

Beside this, the epidemiological trend shows
how the incidence of CDI has been increasing in
the last decades, particularly in Western countries
(Lessa et al. 2015).

Recently, in a retrospective analysis of
hospitalized patients from 12 European countries,
has been reported a higher mean hospital length
and mean overall costs per patients, in those who
experienced rCDI, with a mean hospital length
55 days (95% CI 17-94 days) and an overall cost
of €52,024 (95% CI 715-103,334) (Wingen-
Heimann et al. 2022).
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2.2 Fecal Microbiota Transplantation

and Clostridioides difficile

Nowadays, FMT is established as a highly effec-
tive treatment and a reliable therapeutic alterna-
tive to vancomycin and fidaxomicin, both in
European and extra European countries (Hvas
et al. 2019; Johnson et al. 2021; Van Prehn et al.
2021, 2023) in rCDIL.

Over the years, the efficacy of FMT in the
treatment of rCDI, compared to conventional
therapy, has been investigated in several studies
(MacConnachie et al. 2009; Garborg et al. 2010;
Polak et al. 2011; Mattila et al. 2012; Jorup-
Ronstrom et al. 2012; Van Nood et al. 2013;
Cammarota et al. 2015c; Ianiro et al. 2017) and
in different randomized clinical trials (RCTs),
with an efficacy rate nearly 90% (laniro et al.
2018a. b; Hui et al. 2019).

FMT has also been an effective treatment in
the management of severe and severe-
complicated CDI (Cammarota et al. 2015b).

Moreover, the use of FMT is positively
associated with an increase of overall survival in
patients with rCDI (Ianiro et al. 2019), in a reduc-
tion in CDI-associated bloodstream infections
(Ianiro et al. 2019) and in CDI-related surgery
(Cammarota et al. 2015b).

Furthermore, CDI could be considered a very
simple model of human gut microbial ecosystem
alteration compared to complex chronic disorders
in which the gut microbiome is only one among
many pathways contributing to disease. For this
reason, the high efficacy rate of FMT in rCDI
seems to be weakly influenced by donor and
recipient characteristics (Staley et al. 2017).

Indeed, one of the most important clinical effi-
cacy predictors in CDI is related to the use of
different route of delivery. In several studies, the
administration of FMT by colonoscopy has
proven to be more effective than other delivery
approach (i.e., nasojejunal tube or enema) (Hagel
et al. 2016; Li et al. 2016; Hamilton et al. 2012;
Taniro et al. 2017).

In a recent systematic review and meta-analy-
sis, in which 26 studies have been included, by
Ramai et al. (2021), different clinical outcomes
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depended on distinct FMT route of delivery,
including colonoscopy, capsule, enema, and
nasogastric tube, were compared. They found
that the resolution rate of CDI symptoms after
FMT via colonoscopy was comparable to the
use of capsule (94.8% vs. 92.1%), though supe-
rior to that obtained by the delivery via enema and
nasogastric ~ tube  (87.2% and 78.1%,
respectively).

Similar results were confirmed in another meta-
analysis of 45 studies and 3744 patients. The
authors reported that among different explored
routes of delivery (oral capsules, enemas, nasogas-
tric tube) lower GI administration was the most
effective, with a success rate of 81-96%, compared
to 70-80% for upper administration and 26-84%
for enemas. Similar success rate was obtained with
the use of capsules, 75-90% vs 81-96% for colo-
noscopy (Baunwall et al. 2021).

These studies highlighted also the emerging
role of capsuled FMT in the treatment of CDI
that has been considered an effective route of
delivery in the treatment of CDI, from 2015
with a cumulative resolution rate of 89% (Hirsh
et al. 2015).

In contrast with these findings, in a pilot open-
label randomized trial (Youngster et al. 2014) the
efficacy rate of FMT in resolving CDI-associated
diarrhea is similar among the administration by
nasogastric tube and colonoscopy FMT. This
study included a low number of patients, so
more studies are advocated to confirm these data.

Despite these great results, the dissemination
of FMT has been limited by different factors, such
as safety issues. The lack of availability and
standardization, that make FMT a low reproduc-
ible procedure, is in contrast with the potential
expanding use of FMT in clinical practice
(Table 1).

23 FMT Centers in Europe

In 2021, Baunwall et al. (2021) carried out a
Europe-wide survey to describe the clinical use,
conduct, and potential for FMT in Europe.
Because of this survey emerged a partial spread
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of FMT across different European countries, with
the establishment of 31 FMT centers for a total
amount of 1874 FMT procedures; of these, 1077
(57%) have been performed in clinical practice,
compared with about 12,400 (6100-28,500)
annual cases of multiple, recurrent CDI and indi-
cation for FMT in Europe, and 791 (42%) with
experimental indications. Currently, European
FMT activity covers approximately 10% of the
patients who would benefit from the use of FMT.

24 Stool Banks

The first step in standardization of FMT was the
introduction of frozen feces. The use of frozen
preparations is  associated with  several
advantages, such as the immediate availability
of FMT, the possibility of administering FMT at
centers that do not have an adequate laboratory
for stool preparation, and a reduction in the num-
ber and frequency of donor screenings with a
consequent reduction in costs.

Moreover, the use of frozen feces has also
increased safety measures, allowing quarantine
of stored feces (Vendrik et al. 2021) and
expanded donor screening with the introduction
of molecular testing (Ianiro et al. 2021), to pre-
vent the transmission of multi-drug resistant
organisms (MDRO) as indicated by Food and
Drug Administration (FDA) (US Food and Drug
Administration 2019).

Most recently, the donor screening has also
been integrated to prevent the possible dissemi-
nation of Sars Cov 2 infection, with satisfactory
outcomes (Ianiro et al. 2020).

In addition, in effort to address the increase in
FMT requests and the need for adequate security
measures, stool banks have been established to
provide widespread and balanced access to FMT
along with high security, quality, and traceability
workflows (Cammarota et al. 2019).

Another important element of FMT
standardization and quality control is represented
by capsuled FMT, to alleviate the requirement for
a structured endoscopy unit to provide fecal
transplants.

25 FMT, New Perspectives

Next to capsulized FMT, live biotherapeutic
products (LBPs) have been developed to improve
the standardized procedures. LBPs differ in their
approach toward product composition and
delivery.

The efficacy of an oral microbiome therapeutic
composed of live purified Firmicutes bacterial
spores (SER-109) in preventing Clostridioides
difficile infection recurrence in patients treated
with standard-of-care antibiotics, was explored
in a phase 3, double-blind, randomized, placebo-
controlled trial (Feuerstadt et al. 2022). The
authors reported that SER-109 is safe and more
effective in reducing the risk of recurrent CDI
than placebo, with a recurrence rate of 11% in
the SER-109 group compared to 41% in the pla-
cebo group and the cure rate of 88%.

Recently, FDA approved a live biotherapeutic
product consisting of a broad consortium of
microbes  prepared from  human  stool
(REBYOTA). The commercial wuse of
REBYOTA is limited to the prevention of rCDI
(US Food and Drug Administration (FDA) 2022).

Although, a randomized, double-blind, pla-
cebo-controlled, phase III study, analyzed with a
Bayesian hierarchical model formally
incorporating data from a phase 2b trial, showed
a treatment success rate of 70.6% vs. 57.5% with
placebo (Khanna et al. 2022).

REBYOTA delivery is via enema, without the
need for bowel preparation or colonoscopy and
can be used in patients who are not able to take an
oral product.

2.6 FMT as First-Line Therapy

for CDI?

Beside the use of FMT in clinical practice, it has
also been explored in the treatment of the first
episode of CDI.

In a retrospective cohort, Hocquart et al.
(2018) reported the efficacy of FMT in the
improvement of survival in patients with severe
CDI compared to medical treatment alone. These
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results have been confirmed recently in a
randomized, double-blind, placebo-controlled
trial. In this study, it was reported that early
FMT was effective in 19 (90%; 95% CI 70-99)
of 21 patients in the FMT group compared to
7 (33%, 95% CI 15-57) of 21 patients in the
placebo group. The authors suggest that first-line
FMT is highly effective and superior to the
standard-of-care vancomycin alone in achieving
sustained resolution from Clostridioides difficile
(Baunwall et al. 2022).

Despite the increasing incidence of CDI and
the growing evidence suggesting FMT as an
highly effective treatment option against this
communicable disorder, nowadays there is still a
partial spread of FMT across different European
countries. For these reasons future research
focused on standardizing FMTis advocated, with
the aim to ensure it’s widespread across countries
and to become an easily accessible therapy.

This, together with a rigorous monitoring by
regulatory authorities, should be key to improv-
ing the efficacy and safety of FMT in Europe and
beyond.

2.7 Fecal Microbiota Transplantation

for Inflammatory Bowel Disease

The first successful reported use of FMT as a
treatment intervention for inflammatory bowel
disease (IBD) was published in 1989 by Bennet
and Brinkman (1989). However, despite the
encouraging results, in the following two decades
little evidence has been published, mainly
represented by case reports or small series
(Borody et al. 1989, 2001, 2003, 2011a, b). The
validity of these studies was limited by small
patient numbers, vague methods of FMT prepara-
tion, and poorly defined and inconsistent results.
Consequently, a systematic review in 2012
consisted of only nine retrospective studies, insuf-
ficient to perform a meta-analysis (Anderson et al.
2012). However, in 2013, Van Nood et al. (2013)
published the first randomized trial on the efficacy
of FMT in relapsing Clostridioides difficile
infections. Hence, a great interest of researchers
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in the role of FMT in various gastrointestinal and
non-gastrointestinal pathologies has arisen.

There are now several controlled and
non-controlled studies on the role of FMT in the
IBD subtypes of Crohn’s disease (CD) and Ulcer-
ative Colitis (UC) (Zhou et al., 2023; Wei et al.
2022).

In particular, the strongest evidence for FMT
in IBD in European countries comes from a little
number of randomized controlled trials (RCTSs).
The first European RCT was conducted in the
Netherlands by Rossen et al. (2015), who
randomized 50 adult patients suffering from
active UC to undergo FMT from a healthy
donor compared to autologous FMT as a placebo.
The primary endpoint was clinical remission
(simple clinical colitis activity index scores <2)
combined with >1-point decrease in the Mayo
endoscopic score at week 12. FMT was
administered once through nasoduodenal tube at
baseline and week 3. The authors reported a no
statistical difference in the achievement of clinical
and endoscopic remission, between the treatment
and placebo arm. The authors reported that there
was no statistically significant difference in clini-
cal and endoscopic remission between the treat-
ment arm and the autologous placebo arm of the
study. In another RCT (Moayyedi et al. 2015), in
which active UC patients were randomized to
receive weekly frozen FMT or water enemas for
6 weeks, FMT appeared superior than placebo in
the induction of combined remission
(24% vs. 5%; p = 0.03). Interestingly, the authors
suggest that donor characteristics may influence
the efficacy of FMT in UC, which gives rise to the
alluring prospect of matching donors to
recipients.

Other pieces of evidence were reported in a
large study by Paramsothy et al. (2017) that
allocated 81 adult patients with active UC to
receive FMT (from unrelated donors) or placebo
(isotonic saline with added brown food colorant
and odorant). Study participants were treated with
a first colonoscopic infusion followed by self-
administered enemas five times per week for
8 weeks (a total of 40 FMTs). The primary end-
point of steroid-free clinical remission together



Fecal Microbiota Transplantation as Emerging Treatment in European Countries 2.0 93

with endoscopic remission (total Mayo score <2
points) was met in 11 of 41 (27%) of patients
receiving FMT vs. 3 of 40 (8%) of patients receiv-
ing placebo (p = 0.02). In this study, FMT was
prepared using a mixture of fecal microbiota from
unrelated donors, this approach was implemented
in an attempt to maximize the microbial diversity
of each FMT.

In the last 5 years, further evidence has
emerged regarding the role of FMT in IBD,
confirming encouraging results in UC but weak
and conflicting evidence for CD. A randomized
clinical trial by Costello et al. (2019) reported that
73 patients with mild to moderate UC received
either FMT or placebo enemas for eight consecu-
tive weeks. The clinical remission, defined as a
Mayo score of <2 with no individual subscore
>1, was achieved by 24 of 38 patients (63%) in
the FMT group compared with 5 of 35 patients
(14%) in the placebo group (p < 0.001). In addi-
tion, the FMT group had significant
improvements in the Mayo score, endoscopic
score, and fecal calprotectin levels compared to
the placebo group. In another study by Moayyedi
et al. (2015), 73 patients with active UC were
randomized to receive either FMT or placebo
via colonoscopy. The clinical remission, defined
as a Mayo score of <2 with no individual
subscore >1, was achieved by 29% in the FMT
group, compared with 9% in the placebo group
(p = 0.03). The FMT group also had significant
improvements in the Mayo score, endoscopic
score, and fecal calprotectin levels compared to
the placebo group. Another randomized con-
trolled trial by Rossen et al. (2015) investigated
the efficacy of FMT in patients with active UC. A
total of 73 patients were randomized to receive
either FMT or placebo via colonoscopy. The pri-
mary endpoint was clinical remission, defined as
a Mayo score of <2 with no individual subscore
>1 at week 8. At week 8, 17 of 36 patients (47%)
in the FMT group achieved clinical remission,
compared with 8 of 37 patients (22%) in the
placebo group (p = 0.03).

The first randomized controlled study on the
role of FMT in maintaining remission in Crohn’s
disease came from France; Sokol et al. (2020)
reported in 17 CD patients an efficacy of FMT

in maintaining clinical remission without steroids
at 10 and 24 weeks higher than sham transplant
(87.5% and 50.0% vs 44.4% and 33.3%). The
authors also showed an increase in CRP level
6 weeks after sham transplantation (p = 0.008)
but not after FMT (p = 0.5) and a CDEIS that
decreased significantly 6 weeks after FMT
(p = 0.03). Furthermore, significantly results
come from a RCT lead by a European group
(van Lingen et al. 2023), on 113 IBD patients
underwent FMT because of rCDI. Specifically,
at 8-week post-FMT, 71% of patients showed a
resolution of CDI, and a sustained cure after FMT
occurred in 54 of 86 patients (62.8%) from
90 patients with a median of 784 days
(402—-1251). Moreover, at the moment of FMT,
54% of the enrolled patients had a concomitant
active IBD. Follow up at 8 weeks, 63% of
patients showed remission of the non communi-
cable disorder , 34% showed a persistent activity
of IBD, and 4% was operated for worsening of
disease.

Finally, two meta-analyses have recently been
published analyzing results from European and
non-European studies.

The first meta-analysis (Zhou et al. 2023),
including 11 cohort studies and one randomized
controlled trial involving 228 patients, aimed to
evaluate the efficacy of FMT in inducing remis-
sion in Crohn’s disease; authors defined clinical
remission as HBI 170 in patients with active CD
and it was achieved in 57% (95% C1 49-64%) 2-4
weeks after FMT. In the second one (Wei et al.
2022), metadata from nine RCTs, with a total
amount of 425 UC patients (213 FMT and
212 control) were analyzed. They found a posi-
tive association between the use of FMT and the
achievement of clinical remission (40% vs 22%).

Beside the investigation of FMT as treatment
option of IBD, FMT has also been investigated
for the treatment of CDI in patients with underly-
ing IBD; data reported that in these patients FMT
may be considered an efficacy and safe treatment
option (Table 2).

To date, data scaling the efficacy of FMT in
IBD are still conflicting. Studies are often hetero-
geneous, and results are still weak to use FMT in
clinical practice to treat IBD patients; studies are
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often heterogeneous, and results are still weak for
the use of FMT in clinical practice for the treat-
ment of IBD patients; for these reasons, large
cohort studies are encouraged with the aim of
identifying the main predictors of FMT efficacy
in these patients, with the hope of offering
another possible treatment strategy in the future.
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Abstract

Probiotics have been claimed as a valuable
tool to restore the balance in the intestinal
microbiota following a dysbiosis caused by,
among other factors, antibiotic therapy. This
perturbed environment could favor the over-
growth of Clostridium difficile, and in fact, the
occurrence of C. difficile-associated infections
(CDI) is increasing in recent years. In spite of
the high number of probiotics able to in vitro
inhibit the growth and/or toxicity of this path-
ogen, its application for treatment or preven-
tion of CDI is still scarce since there are not
enough  well-defined  clinical  studies
supporting efficacy. Only a few strains, such
as Lactobacillus rhamnosus GG and Saccha-
romyces boulardii, have been studied in more
extent. The increasing knowledge about the
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probiotic mechanisms of action against
C. difficile, some of them reviewed here,
makes promising the application of these live
biotherapeutic agents against CDI. Neverthe-
less, more effort must be paid to standardize
the clinical studies conducted to evaluate pro-
biotic products, in combination with
antibiotics, in order to select the best candidate
for C. difficile infections.

1 Introduction

The gut microbiota is a complex and diverse
microbial community that has coevolved with
humans in a commensal way (Donaldson et al.
2016). In a healthy state, this collection of
microorganisms protects the host by inhibiting
colonization and growth of pathogens. However,
antibiotic exposure strongly perturbs the intesti-
nal microbiota, producing a decrease in microbial
abundance and species diversity, as well as a
suppression of the innate immune system
disrupting the gut barrier and frequently causing
antibiotic-associated diarrhea. In some cases, the
intestinal dysbiosis followed after antibiotic treat-
ment allows the overgrowth of Clostridium diffi-
cile given that this perturbed environment has a
low abundance of short chain fatty acids, a high
abundance of primary bile acids, a high carbohy-
drate availability, and an immunosuppressed host
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in the absence of microbial competitors in the gut
(Lawley and Walker 2013).

C. difficile can be found in the gut microbiota
of both healthy infants and adults, the occurrence
being higher in infant (70%) than in the adult
(17%) population (Ozaki et al. 2004; Jangi and
Lamont 2010). In these healthy carriers, the pres-
ence of this microorganism does not seem to
cause any disease. However, at the same time,
C. difficile is the main causative agent of
antibiotic-associated diarrhea in nosocomial
environments (Leffler and Lamont 2015). As pre-
viously indicated, the antimicrobial therapy
affects the endogenous gut microbiota
diminishing colonization resistance, allowing the
overgrowth of this pathogen and causing
C. difficile-associated diarrhea (CDAD). This
problem has been traditionally linked to elderly
and institutionalized/hospitalized persons under
antibiotic therapy (Rupnik et al. 2009); however,
the occurrence of C. difficile-associated infections
(CDI) seems to be increasing also in traditionally
considered low-risk populations (Carter et al.
2012). This change in the epidemiology of CDI
has been related to the worldwide distribution of
hypervirulent strains (Yakob et al. 2015); besides,
foods and animals have been found to act as
carriers of this pathogen pointing at C. difficile
as a zoonotic agent and suggesting potential
foodborne transmission (Rodriguez et al. 2016).
A range of virulent factors are the cause of colitis
during CDI course, the main ones being several
toxins, encoded in pathogenicity loci, and the
flagella, which are factors allowing mobility and
adherence of the pathogen (Abt et al. 2016).
Pathogenesis was initially attributed to the pro-
duction of toxins A (TcdA) and B (TcdB),
belonging to the large clostridial toxin (LCT)
family, which act as intracellular
glycosyltransferases that inactivate Rho family
GTPases, thus blocking downstream cellular
events (Carter et al. 2012). More recently, strains
producing a third toxin, the binary toxin (CDT),
have been associated with an increase in the CDI
severity; this toxin has two components the
CDTa, which acts as an ADP-ribosyltransferase
targeting actin, and CDTDb that is able to bind to
the cell and translocate the first component to the
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cytosol (Gerding et al. 2014). In spite of recent
advances in the identification of processes
involved on receptor binding and entry into mam-
malian cells, the mode of action of clostridial
toxins remains to be totally elucidated (Orrell
et al. 2017).

The standard treatment for C. difficile infection
is the administration of antibiotics, mainly metro-
nidazole, vancomycin, or fidaxomicin, but unfor-
tunately, the recurrence rate of the disease is very
high and this treatment becomes less effective.
Indeed, it has been described that some
C. difficile subpopulations (ribotypes) have a
reduced susceptibility to metronidazole (Moura
et al. 2013). In case of multiple recurrent CDI,
fecal microbiota transplantation (FMT) is being
more frequently used as the ultimate therapy,
although the selection of the appropriate donor
is a critical issue (Woodworth et al. 2017). These
facts have prompted researchers to look for alter-
native therapeutic options (Fig. 1) which have
been recently reviewed by different authors
(Mathur et al. 2014; Hussack and Tanha 2016;
Kachrimanidou et al. 2016; Kociolek and
Gerding 2016; Martin and Wilcox 2016;
McFarland 2016; Ofosu 2016; Padua and
Pothoulakis 2016; Unal and Steinert 2016).
Among them, probiotics have been proposed as
a potential tool for preventing the dysbiosis of
microbiota, caused by the administration of
antibiotics, and for assisting the microbiota resto-
ration after antibiotics or infection (Reid et al.
2011); thus, they have also been evaluated for
prevention and treatment of CDI (Na and Kelly
2011).

Probiotics were defined in 2001 by a group of
experts joined by FAO/WHO as “live
microorganisms that, when administered in ade-
quate amounts, confer a health benefit on the
host”; this definition was recently revised, and
accepted after minor grammatical modifications,
by members of the International Scientific Asso-
ciation for Probiotics and Prebiotics (ISAPP)
which also proposes an overall framework for
use of this term, encompassing diverse end uses
(Hill et al. 2014). In next sections, we will review
the current available data about the efficacy of
probiotics in prevention and therapy for CDI, as
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‘ New antibiotics
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‘ Biotherapeutics |
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—>» Microbial products | :

Vaccines = inactivated C. difficile toxoids, formalin-inactivated toxins,
recombinant or chimeric vaccines, targeting polysaccharide glycans
Antibodies = targeting toxins or specific toxin epitopes, other cellular

* Saccharomyces boulardii 1-745
* Lactobacillus rhamnosus GG
* Lactobacillus plantarum 299v
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casei LBC8OR L. rhamnosus CLR2), etc.
e Synthetically-derived and designed microbiota (SER-109, SER-262)*
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e Clostridium butyricum MIYAIRI, non-toxigenic C. difficile M3
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Fig. 1 Some therapeutic options currently under study for the prevention and treatment of Clostridium difficile infection

well as some putative mechanisms involved in
this anti-C. difficile effect.

2 Clinical Studies Evaluating
Probiotic Efficacy

The ability of probiotics for inhibiting the growth
of C. difficile has been characterized by using
different experimental approaches (Auclair et al.
2015; Forssten et al. 2015; Valdes-Varela et al.
2016b; Fredua-Agyeman et al. 2017). This use of
probiotic microorganisms has long been consid-
ered a potential option to combat CDI. However,
despise the large number of in vitro studies
performed for the selection of probiotic strains
with activity against C. difficile and for their use
for CDI prevention or treatment, the evidence
from human clinical trials is still limited. Differ-
ent probiotic strains have been reported to

increase the colonization resistance against
C. difficile (Hopkins and Macfarlane 2003;
Kondepudi et al. 2014; Auclair et al. 2015;
Forssten et al. 2015). Certain strains of
bifidobacteria and lactobacilli have been found
to reduce the adhesion of C. difficile to intestinal
epithelial cells or intestinal mucus (Collado et al.
2005; Banerjee et al. 2009) or to be able to inhibit
its growth (Lee et al. 2013; Schoster et al. 2013;
Valdes-Varela et al. 2016b). Moreover, animal
studies seem to confirm a potential benefit of
probiotics on the inhibition of C. difficile coloni-
zation (Mansour et al. 2017). Nevertheless, to
date most of the clinical studies have focused on
prevention, and there is a lack of data on the
potential use of probiotics on the treatment of
C. difficile infection.

During the last couple of decades, several
studies have evaluated the usefulness of different
probiotic strains in the prevention of CDAD.
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However, in spite of the large number of strains
screened in vitro, most of the evidence from clin-
ical trials regards only a few bacterial strains, and
most often, the studies have focused on the pre-
vention of antibiotic-associated diarrhea, without
further confirmation of C. difficile etiology.
Among the assessed strains, the effect of Lacto-
bacillus rhamnosus strain GG (Arvola et al. 1999;
Vanderhoof et al. 1999), or the yeast species
Saccharomyces boulardii (Kotowska et al. 2005;
Can et al. 2006), in the prevention of antibiotic
associated diarrhea has been widely recognized.
Although not so extensively studied, other probi-
otic strains and probiotic mixes have also been
evaluated around the world with positive results
(Wullt et al. 2003; Maziade et al. 2015). The
availability of a large number of clinical studies
focusing on antibiotic-associated diarrhea has
provided enough data for carrying out systematic
reviews and meta-analysis studies, either consid-
ering probiotics as a group, which shows impor-
tant limitations due to interstrain and/or inter-
product variability, or meta-analyses focused on
specific strains. The meta-analysis studies on the
general use of probiotics for the prevention of
antibiotic-associated diarrhea have consistently
provided evidence for a beneficial role, especially
in children (Cremonini et al. 2002; D’Souza et al.
2002; Sazawal et al. 2006; Johnston et al. 2007;
Hempel et al. 2012; Goldenberg et al. 2015).
Moreover, meta-analyses conducted for some
specific probiotics, such as S. boulardii or
L. rhamnosus GG, have further confirmed the
beneficial effect of these strains in the prevention
of antibiotic-associated diarrhea (McFarland
2006; Szajewska et al. 2007a, b). This has
resulted in recommendations issued by the
ESPGHAN (European Society for Paediatric
Gastroenterology Hepatology and Nutrition)
with regard to the use of probiotics for the pre-
vention of antibiotic-associated diarrhea in chil-
dren (Szajewska et al. 2016).

Furthermore, some studies have specifically
focused on confirmed C. difficile-associated diar-
rhea, and these have also provided positive results
for primary prevention (Wullt et al. 2003; Gao
et al. 2010; Sampalis et al. 2010; Allen et al.
2013; Dietrich et al. 2014; Maziade et al. 2015).
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Some practical examples exist as well, such as
that of the “Pierre-Le Gardeur” Hospital in
Canada, which after a C. difficile outbreak began
to administer a probiotic mix (BioK+") together
with any antibiotic prescriptions, achieving a sig-
nificant reduction on the number of C. difficile
disease cases (Maziade et al. 2015). Recent meta-
analyses and systematic reviews have assessed
the effects of probiotic administration, most of
them administering the strains together with the
antibiotic treatment, on the primary prevention of
CDAD in different population groups (Table 1).
In general the data support a beneficial effect of
probiotics on the primary prevention of CDAD.
However, the high heterogeneity among the
available clinical studies makes difficult defining
the best probiotic to be used, its dose, and the
administration regime.

Regarding the prevention of the recurrence of
the disease, the available data are more limited
than in the case of primary prevention. Some
clinical intervention studies have been conducted
with variable results (McFarland et al. 1994,
Surawicz et al. 2000), with reviews and meta-
analyses indicating that there is only limited evi-
dence on the benefit of probiotics in secondary
prevention of CDI (Allen et al. 2013; O’Horo
et al. 2014; McFarland 2015). The limited data
available on secondary prevention underlines the
need for more clinical intervention trials to be
conducted in this topic.

To sum up, the available evidence strongly
suggests that probiotics are helpful for primary
prevention with only moderate evidence of a role
in avoiding disease relapse. However, the poten-
tial role of probiotics in the treatment during the
active phase of the disease remains largely
unknown. Perhaps the major criticism that can
be done to the available data is that there has not
been a serious standardization effort for the pro-
biotic products, doses, antibiotics, and therapeutic
protocols to be used. Moreover, analyses of the
cost-effectiveness of probiotic use on the preven-
tion of C. difficile disease have not been
performed until recently, with variable results,
indicating the need for further studies conducted
under different healthcare systems (Leal et al.
2016; Starn et al. 2016).
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Table 1 Recent meta-analyses and systematic reviews on the use of probiotics in primary prevention of C. difficile

infection
Target N’ eligible N’ volunteers
population Probiotic RCTs included Conclusion References
Elderly Any 5 >3400 No significant Vernaya et al. (2017)
effect
Adults Any 19 >6200 Significant Shen et al. (2017)
reduction
Adults Lactobacillus 10 >4800 Inconclusive Sinclair et al. (2016)
(any) evidence
Adults and Any 26 >7900 Significant Lau and Chamberlain
children reduction (2016)
Adults and Any (and by 21 >3700 Significant McFarland (2015)
children species) reduction
Adults and Any 31 >4200 Significant Goldenberg et al.
children reduction (2013)
RCT randomized controlled trial
3 Models to Study Probiotics continuous systems (Venema and van den

Against C. difficile

Different experimental models have been devel-
oped in order to study the interaction of
C. difficile with the host (recently reviewed by
Young (2017)); additionally, these models can be
used in the search for new therapeutic alternatives
and adjuvant strategies for preventing or treating
CDI (Table 2). Investigations using in vitro
models of bacterial cultures are valuable systems
for the screening of potential probiotics against
C. difficile, but as disadvantage, they have the
lack of feedback mechanisms with host and/or
host-microbe interactions (Best et al. 2012).
However, these microbial culturing models can
be combined with cell culture systems to better
mimic the interaction C. difficile—probiotic—
host (Venema and van den Abbeele 2013).
Co-cultures of toxigenic C. difficile strains with
probiotic candidates have been carried out to
determine the potential of the latter for reducing
the germination of spores and outgrowth into
vegetative toxin-producing cells of the pathogen
(Table 2). Models of gut microbiota have been
assayed to in vitro evaluate the potential of probi-
otic candidates for decreasing the growth of
C. difficile in this complex microbial ecosystem.
These models range from simple batch
fermentations to complex multi-compartmental

Abbeele 2013). Static batch cultures, containing
fecal suspensions, have been used to observe the
influence of probiotics on the survival of
C. difficile (Tejero-Sarinena et al. 2013). Contin-
uous culture systems (human ‘“colonic” model)
allow the study of the pathogen in an environment
closer to the reality, over considerably longer
periods than in static batch cultures (Best et al.
2012; Le Lay et al. 2015). Currently, most of the
colonic simulators consists of four different units
(glass vessels) continuously connected, having
different pH and flow rates, thus representing
the ascending, transverse, descending, and distal
colon (Forssten et al. 2015).

Several in vitro studies investigated the effect
of probiotic treatment on the interaction of
C. difficile with components of the intestinal
mucosa, such as mucus or epithelial cells
(Table 2). The cytotoxicity of clostridial cell-
free supernatants (obtained from co-cultures of
probiotic vs. C. difficile) or of caecum contents
(collected from animals infected with C. difficile
and treated with potential probiotics) has been
evaluated upon cell lines using classic label-
based, endpoint methods (Banerjee et al. 2009;
Trejo et al. 2010, 2013; Valdes-Varela et al.
2016a). However, label-free technologies are cur-
rently been available and being used in drug
development processes, which are noninvasive
techniques that allow the continuous (real-time)
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Table 2 Summary of some in vitro models used to study potential probiotics against Clostridium difficile

In vitro experimental

models
Microbial | Vs. Co-cultures of C. difficile
cultivation | probiotic with probiotic candidates
Vs. Static batch system
mjcrf)bi.ota/ Semicontinuous system
probiotic “Colonic” model
Intestinal | Adhesion/ HT29-MTX cell
cell lines exclusion Immobilized intestinal
mucus
Cytotoxicity | Label-based endpoint
methods
Label-free, RTCA (real-
time cell analyzer) method

monitoring of the status of live cells (Xi et al.
2008). Indeed the label-free, impedance-based
RTCA (real-time cell analyzer) technology has
been applied to develop methods allowing the
clinical diagnosis of toxigenic C. difficile in dif-
ferent biological samples (Yu et al. 2015).
Recently, this RTCA technology was also used
in our group to develop a model to test the cyto-
toxicity of C. difficile supernatants upon the intes-
tinal epithelial cell lines HT29 and Caco-
2 (Valdes et al. 2015). Moreover, this model
was used to search for potential probiotic strains
able to counteract the toxic effect of C. difficile
supernatants upon HT29 (Valdes-Varela et al.
2016a) as well as to evaluate the toxicity of
C. difficile co-cultured with some of these
probiotics (Valdes-Varela et al. 2016b).

On the other hand, several models have been
used to assess the ability of probiotic candidates
to modify the adhesion of C. difficile to the intes-
tinal mucosa, such as those using immobilized
(human) intestinal mucus which showed a good
correlation with data obtained with a enterocyte-
like (Caco-2) model (Collado et al. 2005;
Banerjee et al. 2009; Ferreira et al. 2011). The
ability of potential probiotic strains to inhibit the
adhesion of C. difficile has also been evaluated
using intestinal cell lines, such as HT29-MTX
which is a derivative from HT29 (adapted to
methotrexate) thus synthesizing higher amounts
of mucus (Zivkovic et al. 2015). A study has
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Trejo et al. (2010), Best et al. (2012), Kolling et al. (2012),
Lee et al. (2013), Schoster et al. (2013), Kondepudi et al.
(2014), Yun et al. (2014), Ambalam et al. (2015), Andersen
et al. (2016), Spinler et al. (2016), and Ritsep et al. (2017)

Tejero-Sarinena et al. (2013)
Le Lay et al. (2015)
Forssten et al. (2015)
Zivkovic et al. (2015)
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suggested that this cell model may be more suit-
able for studying cell-pathogen interactions, as
well as effectiveness of antimicrobial treatments,
as compared to Caco-2 or HT29 models which do
not have goblet cells or do not constitutively
secrete mucus, respectively (Gagnon et al. 2013).

In a step forward, several authors have
evaluated the protective effect of selected probi-
otic candidates against CDI in animal models
(Best et al. 2012; Kolling et al. 2012; Trejo et al.
2013; Kondepudi et al. 2014; Yun et al. 2014;
Andersen et al. 2016; Arruda et al. 2016; Spinler
et al. 2016; Ritsep et al. 2017). This infection has
been studied in different models, including mice,
hamsters, rats, rabbits, hares, guinea pigs, prairie
dogs, quails, foals, piglets, and monkeys. More-
over, zebrafish embryos have been described as
suitable models for identification of in vivo
targets of C. difficile toxins and evaluation of
novel candidate therapeutics; zebrafish possess
many of the major organs present in humans,
and due to the transparency of the embryo, dam-
age by toxins can be visualized by standard light
microscopy (Best et al. 2012). Each of the
C. difficile animal models has inherent advantages
and disadvantages. The hamster model has been
widely used to study pseudomembranous colitis
in human because of extreme sensitivity to infec-
tion following antibiotic administration, using
clindamycin as agent of choice; however, this
model does not represent the usual course and
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spectrum of CDI in humans. Recently, new
mouse and piglet CDI models have been devel-
oped which appear to mimic many of the disease
symptoms observed in humans (Sun et al. 2011;
Best et al. 2012; Hutton et al. 2014).

4 Mechanisms of Probiotic
Action

As pointed in previous sections, probiotics are
gaining more and more interest as preventive
and co-adjuvant therapies for treatment of
antibiotic-associated dysbiosis. However, their
modes of action are poorly understood and vary
between probiotic microorganisms. Indeed, the
effects of any probiotic are strain-specific, and
therefore, beneficial effects cannot be
extrapolated to other species or strains (Hickson
2011). It has been described that probiotics could
have diverse positive actions on the host by
(1) modulating the intestinal microbiota and
inhibiting pathogenic microorganisms at the
intestinal luminal environment, (2) enhancing of
intestinal barrier function at the intestinal epithe-
lium, and (3) modulating the immune response,
among others (Ng et al. 2009). Several
mechanisms have been proposed for explaining
the potential role of probiotics against C. difficile.
Some of these effects, such as the production of
antimicrobial factors (Corr et al. 2007), competi-
tive inhibition of the pathogen (Collado et al.
2005), and the ability to degrade and to reduce
the toxicity of C. difficile (Castagliuolo et al.
1999; Valdes-Varela et al. 2016a), could be of
help not only in the prevention but also in the
treatment of CDI.

4.1 Microbial Antagonism:
Interaction

Probiotics vs. C. difficile

The restoration of intestinal microbiota after
dysbiosis, caused by any etiological agent, is the
main way of action of any treatment against intes-
tinal pathogens including C. difficile (Gareau
et al. 2010; Reid et al. 2011). This was evidenced,
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for example, in an in vivo study with a murine
CDI model of antibiotic-induced dysbiosis, in
which the gut microbiota was restored after treat-
ment with a multi-strain probiotic supplement
(Lactobacillus plantarum F44, Lactobacillus
paracasei F8, Bifidobacterium breve
46, Bifidobacterium animalis subsp. lactis 8:8)
(Kondepudi et al. 2014). There are several
mechanisms by which probiotics can help the
restoration of the intestinal microbiota, some of
them being related to typical bacterial antagonism
(Ng et al. 2009); however, little is known about
those mechanisms acting specifically in the con-
text of CDI (Parkes et al. 2009; Ollech et al.
2016).

Some probiotic strains are able to compete
with pathogenic bacteria for the adhesion sites,
that is, competitive exclusion, thus providing a
“physical” barrier that increases the colonization
resistance (Fig. 2a). In vitro studies showed the
ability of selected Bifidobacterium and Lactoba-
cillus strains to modify the adhesion of C. difficile
to intestinal epithelial cells or intestinal mucus,
the effect being strain-dependent (Collado et al.
2005; Zivkovic et al. 2015). A reduction from
60% to 3% in the adhesion of C. difficile to
gingival epithelial cell cultures (obtained from
healthy horses) was reported when Lactobacillus
reuteri Lrl was added; additionally, it was
detected that this strain was able to co-aggregate
with the pathogen (Dicks et al. 2015). In this
regard, it has been suggested that the aggregation
capability between lactobacilli and C. difficile
could be a way to reduce the adhesion of the
pathogen to the intestinal mucosa (Ferreira et al.
2011). S. boulardii is also able to reduce the
adhesion of C. difficile to epithelial cells, and
the same effect was detected using extracts
obtained from the cell wall of this yeast (Tasteyre
et al. 2002). Similarly, it has been proved that
cell-free supernatants obtained from Lactobacil-
lus  delbrueckii  ssp. bulgaricus B-30892
(Banerjee et al. 2009) and different bifidobacterial
strains (Trejo et al. 2006) were able to reduce the
adhesion of C. difficile to intestinal epithelial
Caco-2 cells. Different treatments of the
bifidobacterial supernatants showed that the
factors related to the anti-clostridial adhesion
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Fig. 2 Potential mechanisms of action proposed for
probiotics against C. difficile. (a) Competitive exclusion/
co-aggregation. (b) Production of antimicrobial

were not heat-resistant and nonrelated with acids
(active at neutral pH) and were not affected by
proteinases, but its nature remains unknown
(Trejo et al. 2006). Indirect evidence suggests
that exopolysaccharides covering the surface of
some probiotics could be involved in the inhibi-
tion of the binding capability of some pathogens,
including C. difficile, by probiotics (Ruas-
Madiedo et al. 2006). Thus, altogether, these
studies suggest that different surface molecules
and/or secreted factors might be implicated in
the interference of probiotics against C. difficile
adhesion to the intestinal mucosa.

Another mechanism of probiotic action is the
inhibition of the pathogen growth through the
competition for the limiting nutritional sources
and/or by the production of antimicrobial factors,
such as organic acids and bacteriocins (Fig. 2b).
In a study carried out with a CDI animal model, it
was shown that mice treated with Streptococcus
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thermophilus LMD-9 exhibited less pathology
and lower detectable toxin levels in cecal
contents, compared with untreated controls; an
inverse correlation was observed between the
levels of luminal lactate and the abundance of
C. difficile, suggesting that the anti-clostridial
effect was due to the production of this organic
acid (Kolling et al. 2012). Similarly, the lactic
acid synthesized by Lactobacillus acidophilus
GPI1B had an inhibitory effect on C. difficile
growth in a CDI mouse model, which may be
related to a reduction in pH as a result of organic
acids produced by the probiotic bacterium (Yun
et al. 2014). Several in vitro studies have
investigated the activity of probiotics to inhibit
C. difficile growth; using a fecal, pH-controlled
(between 6.7 and 6.9), anaerobic batch model, it
was found that Lactobacillus casei NCIMB30185
and B. breve NCIMB30180 were able to reduce
the numbers of C. difficile in this complex



Probiotics for Prevention and Treatment of Clostridium difficile Infection

microbial ecosystem (Tejero-Sarinena et al.
2013). Co-cultivation of C. difficile with cell-
free supernatants from different commercial
probiotics highlighted that the mechanism of inhi-
bition was pH-dependent; thus, the production of
organic acids, mainly lactic and acetic acids, is
the inhibition factor controlling the growth of
C. difficile (Schoster et al. 2013). In another
in vitro study, the co-incubation of C. difficile
with L. rhamnosus LRS5, Lactococcus lactis
SL3, B. breve BR3, and B. animalis subsp. lactis
BL3 demonstrated their potential to decrease
C. difficile numbers, mainly mediated by the
organic acid production. However, among those
strains, SL3 appeared to have the strongest activ-
ity which seems to be pH-independent and likely
could be mediated through the action of a bacte-
riocin (Lee et al. 2013). Similar pH-dependent
and pH-independent effects against C. difficile
were also reported using cell-free supernatants
from other commercially available probiotics
(Fredua-Agyeman et al. 2017). With respect to
the competition for nutrients, some studies have
been carried out using “synbiotic” combinations,
which are mixtures of probiotics and prebiotic
substrates that (theoretically) will improve the
performance of probiotics or other beneficial
microbes in the gut. In a mice (C57B1/6) model
of CDI, the feeding with a synbiotic formulation,
consisting of four strains (L. plantarum F44,
L. paracasei F8, B. breve 46, B. animalis subsp.
8:8) and three prebiotics (galacto-
oligosaccharides, isomalto-oligosaccharides, and
resistant starch), conferred protection against this
pathogen (Kondepudi et al. 2014). Some studies
have suggested that the growth inhibition of
C. difficile by probiotics is strain but also carbon
source specific. Ambalam et al. reported the abil-
ity of cell-free supernatants from L. paracasei F8
and L. plantarum F44 to inhibit the growth of
C. difficile strains when they grew on glucose,
due to the production of organic acids and heat-
stable antimicrobial proteins, while the effect was
only pH-dependent when growing on prebiotics
(Ambalam et al. 2015). Our workgroup recently
analyzed the influence of carbon sources upon
C. difficile growth and toxicity when co-cultured
with Bifidobacterium longum 1PLA20022 or

lactis
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B. breve TPLA20006 in the presence of short-
chain fructo-oligosaccharides (scFOS) or inulin.
The use of scFOS reduced the growth of the
pathogen, as well as the toxicity of the
co-culture supernatants, which was not observed
with inulin (Valdes-Varela et al. 2016b).

4.2 Probiotics Against C. difficile

Toxin Activity

The toxins produced by C. difficile are responsi-
ble for the clinical profile of the CDI. Therefore,
therapeutic agents that reduce toxin-induced dam-
age could be valuable tools to alleviate the sever-
ity of symptoms and to improve the course of the
disease. Some authors have reported that
probiotics are able to reduce the activity of
C. difficile toxins but, in most cases, the specific
mechanisms of action by which probiotics exert
the protective effect in this infection are unknown
(Fig. 2¢). In a hamster model of enterocolitis
induced by C. difficile, Bifidobacterium bifidum
CIDCAS5310 protected the animals, and avoided
mortality, when compared with the control
(infected) group; besides, the supernatants
obtained from caecum contents were less toxics
upon Vero (cells from monkey’s kidney) cultures
in animals fed with the bifidobacteria, suggesting
that this strain is able to in vivo counteract the
effect of clostridial toxins (Trejo et al. 2013).
Co-culture of toxigenic strains of C. difficile
with different strains of bifidobacteria and
lactobacilli leads to a reduction of the cytotoxic
effects of spent culture supernatants on cultured
Vero cells, which correlates with a diminution of
clostridial toxins present in these supernatants
(Trejo et al. 2010). However, the growth of clos-
tridial strains in BHI medium with different
concentrations of cell-free supernatants from
bifidobacteria or lactobacilli cultures did not
decrease the toxic effect of pathogens; taking
into account these results, authors hypothesized
that co-culture of clostridia with lactobacilli or
bifidobacteria leads to the modification of the
environment, thus leading to the repression of
toxin synthesis/secretion pathway. Similarly, a
cell extract from L. acidophilus GP1B was able
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to decrease the pathogenicity of C. difficile by
inhibiting quorum sensing signaling, probably
by lowering the expression of quorum sensing-
regulated toxin genes (Yun et al. 2014).

On the other hand, it was observed that some
microorganisms release metabolites that are able
to inhibit the harmful effects of toxins. A bacterial
cell-free supernatant obtained from L. delbrueckii
subsp. bulgaricus LDB B-30892 reduced cyto-
toxic effects of C. difficile ATCC9689 upon the
human intestinal epithelial cell line Caco-2-

(Banerjee et al. 2009). Banerjee et al. (2009)
suggested that bioactive components, of
unknown nature, were released by this strain
which were the probable causative agents of inhi-
bition of the clostridial toxins. Similarly, bacterial
cell-free supernatants obtained from L. lactis
CIDCAS8221 contained heat-sensitive
metabolites, higher than 10 kDa, that were not
affected by treatment with different proteases or
protease inhibitors, which were able to inhibit
cytotoxic effects of C. difficile toxins upon epi-
thelial Vero cells (Bolla et al. 2013). These results
suggest that the protective effect of L. lactis
CIDCAR8221 supernatant could be owing to a
non-covalent interaction between molecules pres-
ent in the lactococcal supernatant and toxins. In
this regard, surface components of the bacterial
cell envelope, such as exopolysaccharides which
can be released to the environment, have been
proposed to in vitro inhibit the adverse effect of
pathogenic toxins (Ruas-Madiedo et al. 2010). A
study showed the ability of the outermost (pro-
teinaceous) S-layer from Lactobacillus kefir
strains to inhibit the damage induced by
supernatants obtained from C. difficile upon
Vero cells; the protective effect was not affected
by inhibitors of proteases or heat treatment, while
pre-incubation  with  specific  anti-S-layer
antibodies reduced the inhibitory effect of these
proteins (Carasi et al. 2012). From this study, it
was concluded that the capability for reducing the
toxigenic effect of C. difficile could be attributed
to an interaction between its toxins and the L. kefir
S-layer protein (Carasi et al. 2012). Recently, our
workgroup analyzed the capability of
Bifidobacterium and Lactobacillus strains to
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reduce the toxic effect of supernatants obtained
from C. difficile LMG21717 (TcdA™, TcdB™) cul-
ture upon the human intestinal epithelial cell line
HT29. For this purpose, the probiotic candidates
were incubated together with a toxigenic super-
natant of C. difficile, and the analyzed strains
from B. longum and B. breve species were able
to reduce the toxic effect of the pathogen; more
specifically, the strain B. longum IPLA20022, in a
viable state, showed the highest ability to reduce
the levels of both clostridial toxins and to coun-
teract the cytotoxic effect upon HT29 (Valdes-
Varela et al. 2016a). Furthermore, the incubation
of supernatant from B. longum IPLA20022 with
the toxigenic C. difficile supernatant showed sim-
ilar effect on the cell line than that obtained with
the bifidobacterial biomass. The treatment of the
clostridial supernatant with this probiotic strain
prevented the rounding of HT29 cells, detected
in cells treated only with C. difficile supernatant,
thus keeping a monolayer structure resembling
that of the control (nontreated HT29) (Fig. 3).
Taking into account these results, we hypothesize
that the adsorption of toxins to the bifidobacterial
surface and the secretion of molecules able to
reduce the cytotoxic effect by degrading the
toxins are both probable mechanisms of action
(Valdes-Varela et al. 2016a). In this regard,
20 years ago, it had been reported that
S. boulardii inhibited C. difficile TcdA effects in
the rat ileum by releasing a 54kDa serine protease
which hydrolyzed toxin A and its intestinal recep-
tor (Castagliuolo et al. 1996); this could be the
mechanism behind the effectiveness of this yeast
in both the prevention and the treatment of
antibiotic-associated ~ colitis ~ in  humans
(Castagliuolo et al. 1999). More recently, it was
observed that a protease secreted by Bacillus
clausii O/C is able to inhibit the cytotoxic effect
of C. difficile; thus this enzyme could be involved
in the protective effect of this bacilli in antibiotic-
associated diarrhea (Ripert et al. 2016). A similar
phenomenon may be taking place with the
abovementioned Bifidobacterium strains
(Valdes-Varela et al. 2016a).
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HT29 (control)

Fig.3 CSLM (Leica TCSAOBS SP8 X confocal micros-
copy) images obtained, after 20 h incubation, for HT29
cells submitted to different treatments. (a) Panel shows
transmission (visible) images and (b) panel shows
Z-projection snapshots resulting from a combination of
the transmission image with the “blue” image, captured
with the violet laser diode (excited at 405 nm, showing
DAPI-stained nucleus); the “red” image, captured with the

4.3 Other Mechanisms of Action

The intestinal barrier function given, among other
factors, by the presence of an intact intestinal
epithelium enabling the absorption of nutrients
and the exclusion of harmful substances can be
compromised by the activity of enteric pathogens
including C. difficile (Barreau and Hugot 2014).
In fact, internalized clostridial toxins induce
changes in the F-actin cytoskeleton and a break-
down of the tight junctions, thus contributing to
the disruption of the epithelial barrier function;
the increase in the permeability of this barrier
ends with an inflammatory process due to the
infiltration of neutrophils, production of
chemokines and pro-inflammatory cytokines,
and activation of mast cells and lymphocytes,
among other events (Voth and Ballard 2005;
Rupnik et al. 2009; Abt et al. 2016). Thus some

HT29 + C. difficile LMG21717
supernatant

HT29 + C. difficile supernatant
treated with B. longum |PLA20022

white laser (excited at 578 nm, showing phalloidind-alexa-
fluor-568-stained F-actin); and the “green” image resulting
from the autofluorescence emitted by the intracellular
components of HT29. The 63x/1.4 oil objective was
used; bars 10 pm. Individual images of stained nucleus
and/or F-actin were included in the reference Valdes-
Varela et al. (2016a)

probiotics have been claimed to be able to rein-
force the intestinal barrier function, although
there is not much information in the context of
CDI (Fig. 2d). In a hamster model of CDI, the oral
administration of live S. boulardii five days
before the infection significantly reduced cecal
tissue damage, NF-kB phosphorylation, and
TNFo protein expression caused by different
C. difficile ribotypes, thus indicating that this
probiotic can prevent intestinal damage and
inflammation (Koon et al. 2016). In fact, after a
literature search conducted by Stier and Bischoff
(2016), they found that mechanisms of
S. boulardii action involve not only a direct effect
on the pathogen or its toxins but also impact on
the innate and adaptive immune response of the
host induced after CDI. Regarding probiotic bac-
teria, it has been shown that L. rhamnosus 1.34
and L. casei 139 are able to modulate, by
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different ways, the inflammation caused by
C. difficile, thus making suitable the use of these
vancomycin-resistant lactobacilli for treating CDI
(Boonma et al. 2014). In our research group, we
have detected that lactobacilli strains are able to
increase the synthesis of interleukin (IL)-8 and
mucins by HT29-MTX monolayers challenged
with C. difficile, thus helping to the reinforcement
of the innate immune defense (Zivkovic et al.
2015). More recently, a combination of Lactoba-

cillus  helveticus BGRA43, Lactobacillus
fermentum BGHI14, and S. thermophilus
BGVLJ1-44 was in vitro tested against

C. difficile in a Caco-2 model, and results showed
an increase in the release of transforming growth
factor (TGF)-p, thus resulting in a promising pro-
biotic candidate to be further evaluated against
CDI (Golic et al. 2017).

Finally, recombinant lactobacilli, although
they cannot be considered as probiotics, could
be suitable vehicles for the in situ production
and delivery of therapeutic molecules in the intes-
tine. In a recent study, the basis for an oral anti-
toxin strategy based on engineered Lactobacillus
strains expressing TcdB-neutralizing antibody
fragments in the gastrointestinal tract was
explored; the results showed that only lactobacilli
displaying the anti-TcdB variable domain of the
heavy chain antibody can inhibit the cytotoxic
effect of TcdB in the gastrointestinal tract of a
hamster model (Andersen et al. 2016).

5 Conclusion and Future Trends

The search for probiotics with anti-C. difficile
activity has been an active area of research for
more than two decades. However, in spite of the
abundance of in vitro studies, the in vivo evidence
is less conclusive. The role of probiotics in
preventing antibiotic-associated diarrhea is well
established by several clinical intervention stud-
ies and meta-analyses. Good evidence is also
available regarding the benefit of certain
probiotics in the prevention of specific
C. difficile diarrhea, being still necessary to define
the best conditions for maximizing the efficacy.
However, the studies on the use of probiotics in
the treatment of CDI are still scarce; this is in spite
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of the several potential mechanisms of action that
would be of interest in the case of C. difficile
infection. Among them, the ability of certain
strains to inhibit the growth of C. difficile, or to
promote the restoration of the normal gut
microbiota, represents two very direct potentially
beneficial mechanisms of action. Moreover, spe-
cific probiotic strains have been found to be able
to reduce the toxicity of this pathogen and/or to
degrade the produced toxins. This inhibition of
C. difficile toxicity may constitute an interesting
strategy for the treatment of CDI by probiotics:
first by eliminating the toxins from the intestine
and second by the promotion of the microbiota
restoration by the use of selected probiotic strains
with both properties.

The existing clinical interest of CDI together
with the successful application of FMT allows
foreseeing that the interest in the use for probiotic
therapies, likely using defined combinations of
strains, will continue rising during the next
years. In this regard, the development of products,
based on the combination of strains with different
properties and anti-C. difficile mechanisms of
action, promises to allow the development of
highly efficacy products for both prevention and
treatment of CDL
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Abstract

Clostridioides difficile (C. difficile) infection
(CDI) is an important healthcare but also a
community-associated disease. CDI is consid-
ered a public health threat and an economic
burden. A major problem is the high rate of
recurrences. Besides classical antibiotic
treatments, new therapeutic strategies are
needed to prevent infection, to treat patients,
and to prevent recurrences. If fecal transplan-
tation has been recommended to treat
recurrences, another key approach is to elicit
immunity against C. difficile and its virulence
factors. Here, after a summary concerning the
virulence factors, the host immune response
against C. difficile, and its role in the outcome
of disease, we review the different approaches
of passive immunotherapies and vaccines
developed against CDI. Passive immunization
strategies are designed in function of the target
antigen, the antibody-based product, and its
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administration route. Similarly, for active
immunization strategies, vaccine antigens can
target toxins or surface proteins, and immuni-
zation can be performed by parenteral or
mucosal routes. For passive immunization
and vaccination as well, we first present immu-
nization assays performed in animal models
and second in humans and associated clinical
trials. The different studies are presented
according to the mode of administration either
parenteral or mucosal and the target antigens
and either toxins or colonization factors.

1 Introduction

Clostridioides difficile is an anaerobic spore-
forming intestinal pathogen responsible for post-
antibiotic diarrhea and pseudomembranous colitis
(PMC) (Lawson et al. 2016). C. difficile infection
(CDI) is characterized by a large spectrum of
clinical signs from asymptomatic carriage to ful-
minant colitis. CDI is an important healthcare—
but also community-associated disease causing
almost half a million infections each year in the
USA (Finn et al. 2021). Increased morbidity and
mortality have been associated with the emer-
gence of hypervirulent epidemic strains such as
BI/NAP1/027 strains. Even if a decrease in prev-
alence of these 027 strains in some European
countries has been observed, CDI remains poorly
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controlled, and 027 and other epidemic strains are
still prevalent (van Dorp et al. 2016). A major
problem is the high rate of recurrences, 20-30%
after a first episode and up to 60% after a first
recurrence (Shields et al. 2015). Thus, CDI is
considered a public health threat and an economic
burden.

CDI is most commonly triggered by disruption
of the intestinal microbiota by antibiotics and
subsequent intestinal colonization. C. difficile
highly resistant spores serve the transmission
agent. After contamination of the host, spores
germinate in response to bile acids and glycine
and resume vegetative growth. Then, vegetative
forms colonize the gut thanks to several coloniza-
tion factors. Finally, the toxins are released and
led to diarrhea and colitis. Initial colonization is
influenced by the intestinal microbiota, and
C. difficile persistence in the gut is dependent on
the microbiota and the host immune response
(Péchiné and Collignon 2016). Persistence of
spores in the gut associated with an altered
microbiota and a poor immune response could
be responsible for recurrences.

Guidelines for CDI treatment have been
recently updated in America and in Europe (van
Prehn et al. 2021). The treatment of a first episode
is well defined and is based on antibiotherapy,
such as vancomycin or fidaxomicin depending on
the severity of the episode. In case of recurrences,
variable guidelines have been recommended and
there is no firm consensus on optimal treatment.
Novel therapeutic strategies are needed to prevent
infection, to treat patients and prevent
recurrences. If fecal transplantation has been
recommended to treat recurrences, another key
approach is to elicit immunity against C. difficile
and its virulence factors.

C. difficile studies are mainly performed
in vivo in two different animal models, the ham-
ster and mouse models. Hamsters are extremely
susceptible to C. difficile and are used as viru-
lence and protection model. In mice, several
models have been described either in germ-free
or conventional animals. Mouse models are used
to monitor intestinal colonization by C. difficile
and also in virulence and protection assays (Best
et al. 2012).
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Here, after a summary concerning the viru-
lence factors, the host immune response against
C. difficile and its role in the outcome of disease,
we review the different approaches of passive
immunotherapies and vaccines developed to
treat and prevent CDI.

2 Virulence Factors and Host
Immune Response

The main C. difficile virulence factors are the
toxins, especially TcdA and TcdB. However, sur-
face proteins involved in the colonization process
participate also in the pathogenesis (Janoir 2016).

2.1 Surface Proteins

and Colonization Factors

The first interaction between C. difficile and the
host involves bacterial surface components. Some
have been identified in C. difficile and shown to
be involved in the colonization process (Bruxelle
2017).

2.1.1 Cell Wall Proteins (Cwp)

Many bacteria have an outer layer called the
S-layer which gives them significant immuno-
genic potential. S-layer proteins (SLPs) were
detected in all C. difficile strains. Unlike most
bacteria, where the S-layer is composed of a par-
ticular protein species, the C. difficile’s S-layer is
composed of two protein subunits called high
molecular weight surface layer protein
(HMW-SLP) consisting of a 47 kDa protein and
another 36 kDa protein called low molecular
weight surface layer protein (LMW-SLP). These
forms are obtained following proteolytic cleavage
mediated by the Cwp84 protease of the polypep-
tide precursor SIpA, encoded by the slpA gene
(Janoir 2016). The two S-layer proteins (SLPs)
are the main components of the bacterial surface
and form a crystalline array over the entire cell
surface. The low molecular weight (LMW)-SLP
is surface exposed, involved in cell adherence,
and highly variable between strains (Eidhin
et al. 2006). The high molecular weight
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(HMW)-SLP is anchored in the cell wall, is
involved in adherence to intestinal tissue and
extra cellular matrix proteins, and is conserved
between strains (Karjalainen et al. 2001; Calabi
et al. 2002). In addition, SLPs interact with the
Toll-like receptor 4 (TLR 4), expressed on the
surface of the host cell. S-layer binding to den-
dritic cells initiates downstream signaling of
nuclear transcription factor kappa § (NF-kB) and
interferon regulatory factor 3, resulting in produc-
tion of inflammatory cytokines and activation of
immune cells (Ryan et al. 2011).

The Cwp66 protein also serves adhesin func-
tion (Waligora et al. 2001) with its surface-
exposed, highly variable, and highly immuno-
genic C-terminal domain. The cysteine protease
Cwp84 is also surface exposed (Janoir et al. 2007,
Chapetén Montes et al. 2013) and anchored in the
cell wall through its C-terminal domain. The
N-terminal domain contains the proteolytic site
responsible for the cleavage of the SIpA precursor
into the two SLPs (Kirby et al. 2009; Dang et al.
2010) and for the degradation of extracellular
matrix components facilitating therefore bacterial
spread (Janoir et al. 2007). Interestingly, the
Cwp84 protease is conserved among C. difficile
strains and has been shown to be immunogenic in
humans (Péchiné et al. 2005b).

2.1.2 Flagellar Proteins

Flagellated and non-flagellated C. difficile strains
have been described. Flagella are involved in
motility, adherence to host cells and host signal-
ing, and promotes toxin-mediated gut inflamma-
tion by interacting with the immune Toll-like
receptor 5 (TLRS) to activate NF-kB and
mitogen-activated protein kinase (MAPK) signal-
ing pathways (Stevenson et al. 2015; Batah et al.
2016).

Dapa et al. have shown that flagella are
involved in the biofilm formation process (Dapa
and Unnikrishnan 2013). Tasteyre et al. have
shown that naturally occurring nonflagellated
strains are less adherent to mouse caecum than
flagellated strains and that the flagellin FliC and
cap protein FliD are able to bind murin mucus
(Tasteyre et al. 2000, 2001). More recently, it has
been shown that fliC and fliD mutants in the
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630Aerm strain displayed increased adherence to
Caco2 cells compared to the parenteral strain.
Thus, in 6304erm genetic background, flagella
do not seem to play a role in adherence (Dingle
et al. 2011). In contrast, fliC and fliD mutants in
C. difficile 027 strain R20291 displayed
decreased adherence to Caco2 cells and mouse
caeca suggesting a role of flagella in cell adher-
ence and colonization (Baban et al. 2013).
C. difficile flagellin FliC has been shown to acti-
vate an innate immune response via its interaction
with TLRS and activation of NF-xB signaling
(Yoshino et al. 2013; Batah et al. 2016). Interest-
ingly, Batah et al. demonstrated, in an animal
model, a synergic effect of flagella and toxins in
eliciting an inflammatory mucosal response
(Batah et al. 2017). In addition, toxin and flagellar
genes are co-regulated in strains such as the
630 and not in others such as the R20291
(Baban et al. 2013). More recently, Chebly et al.
demonstrated for the first time that FliC from
C. difficile is also internalized in Caco-2/TC7
cells and triggers the activation of the NLRC4
inflammasome, resulting in the cleavage of
pro-caspase-1 thereby contributing to the inflam-
matory process of C. difficile infection through
the release of inflammasome-bound cytokines
IL-18 and IL-33 (Chebly et al. 2022).

Taken together, those results suggest that the
contribution of flagella to the pathogenic process
is complex and could be different according to the
genetic background.

2.1.3 Other Surface Components

Other  colonization  factors have  been
characterized. The surface-exposed fibronectin-
binding protein FbpA (Hennequin et al. 2003;
Barketi-Klai et al. 2011), highly conserved
between C. difficile isolates, interacts with fibro-
nectin in host tissues. The heat shock protein
GroEL, highly conserved, also serves adhesin
function (Hennequin et al. 2001). The collagen-
binding protein CbpA with a N-terminal colla-
gen-binding domain is surface-localized (Tulli
et al. 2013). Recently, Arato et al. characterized
and demonstrated that CD2831 is a collagen-
binding protein capable of binding immobilized
collagen types I, III, and V as well as native
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collagen produced by human fibroblasts.
Overexpression of this protein increased the abil-
ity to form a biofilm in C. difficile. This protein is
believed to have a dual role in adhesion to
collagen-rich tissues and host immune evasion
by binding to the collagen-like domain of
human complement component Clq (Arato
et al. 2019).

The lipoprotein CDO0873, part of an ABC
transporter, is surface-associated, displays signif-
icant adhesive properties, and is immunogenic in
patients (Kovacs-Simon et al. 2014). Recently,
Bradshaw et al. demonstrated that the lipoprotein
CDO0873 plays a role in intestinal colonization by
C. difficile and is part of an import system for
tyrosine, a key amino acid in C. difficile infection
(Bradshaw et al. 2019). Zmpl and CD2830
metalloproteases are able to cleave several host
proteins such as IgA2, fibrinogen, or fibronectin
(Cafardi et al. 2013; Hensbergen et al. 2014).

Other surface components include
polysaccharides (PS) such as PS-I and PS-IL
However, only PS-II is common to all strains of
C. difficile (Ganeshapillai et al. 2008).

There are also immunogenic proteins located
on the outer layers of C. difficile spores such as
the BclA3 protein and the C. difficile exosporium
cysteine-rich protein CD1067 (CdeC). The
collagen-like BclA3 exosporium protein is com-
mon to most C. difficile strains. It is composed of
an N-terminal domain, possibly oriented inward;
a collagen-like domain formed by GXX repeats,
strongly glycosylated (Strong et al. 2014); and a
C-terminal domain that probably faces outward
from the exosporium (Pizarro-Guajardo et al.
2014).

Recently, Aubry et al. showed that several
glycosylated peptides from the collagen region
of BclA3 were able to induce a humoral immune
response in mice (Aubry et al. 2020). CdeC is
expressed under sporulation conditions and
localizes in the exosporium-like layer to the
C. difficile spore, is accessible to IgGs, and is
involved in resistance to lysozyme, ethanol, and
heat. In addition, Barra-Carrasco et al. show that
CdeC is essential for exosporium morphogenesis
and the correct assembly of the spore coat of
C. difficile (Barra-Carrasco et al. 2013). Ghose
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et al. found that this spore protein is immunogenic
in mice and is able to protect them against chal-
lenge with C. difficile UK1, a clinically relevant
027/B1/NAP1 strain. CdeC is also able to afford
high levels of protection against challenge with
C. difficile 630Aerm in golden Syrian hamsters
(Ghose et al. 2016a). Pizarro-Guajardo et al. also
confirm that CdeC of the epidemic strain R20291
(B1/NAP1/027) is immunogenic in mice
(027/B1/NAP1) (Pizarro-Guajardo et al. 2018).

2.2 Toxins

2.2.1 TcdA and TcdB

Both toxins have the same ABCD domain struc-
ture: the binding, cutting, and delivery domains
acting sequentially to deliver the N-terminal
glucosyltransferase domain (GTD) in the cytosol
of enterocytes (Jank and Aktories 2008). This
N-terminal domain glucosylates and inactivates
the Rho-GTPases leading to actin cytoskeleton
disruption, cell death, and epithelial barrier dis-
ruption (Voth and Ballard 2005; Popoff and Geny
2011). The receptor-binding C-terminal domain
(RBD) is composed of combined repetitive
oligopeptides (CROPs) that are responsible for
binding cell receptors (Dingle et al. 2008).

TcdA and TcdB, despite their similar structure,
are immunologically distinct. Antibodies directed
to TcdA are able to neutralize TcdA but fail to
neutralize TcdB, and the opposite is true for
antibodies directed against TcdB (Libby and
Wilkins 1982). The two toxins display high
variability especially in the C-terminal domain
(Leuzzi et al. 2013).

Different recombinant fragments derived from
TcdA and TcdB have been identified for the gen-
eration of neutralizing antibodies (Leuzzi et al.
2013; Maynard-Smith et al. 2014). The RBD of
both TcdA and TcdB was first identified as an
important antigenic motif (Lyerly et al. 1990;
Sauerborn et al. 1997; Belyi and Varfolomeeva
2003). In contrast, the TcdA GTD induces low
antibody responses (Leuzzi et al. 2013; Maynard-
Smith et al. 2014). Several regions of TcdB
induce neutralizing antibodies: the central region
domains (Maynard-Smith et al. 2014), the RBD
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(Kink and Williams 1998), and the GTD (Libby
and Wilkins 1982; Leuzzi et al. 2013).

The respective role of TcdA and TcdB in path-
ogenesis is a key question. One group concluded
that TcdB is essential for virulence (Lyras et al.
2009; Carter et al. 2015). For the other group,
both toxins are responsible for disease. Interest-
ingly, the full virulence of fcdB mutant was
restored when it expressed the binary toxin in
addition to TcdA (Kuehne et al. 2010, 2014). It
seems wise to take into account both toxins TcdA
and TcdB for immunization strategies.

2.2.2 Binary Toxin

An additional toxin, the binary toxin or C. difficile
transferase (CDT), is produced by some strains
(Perelle et al. 1997) such as the epidemic/hyper-
virulent BI/NAP1/027 strains.

The lipolysis-stimulated lipoprotein receptor
(LSR) has been identified as the host cell receptor
for CDT (Papatheodorou et al. 2011). The com-
ponent CDTb (99 kDa) induces LSR clustering
and accumulation in lipid rafts, and CDTb
N-terminal domain serves as a binding site for
the component CDTa (48 kDa), thus triggering
endocytosis of this complex in cells. At low pH,
the endosomes seem to induce the insertion of
CDTb into the membrane and allow the formation
of a transmembrane f-barrel channel to deliver
CDTa into the cytosol (Sheedlo et al. 2020).
Subsequently, CDTa ADP-ribosylates G-actin
and leads to complete depolymerization of the
actin cytoskeleton, thereby causing changes in
cell morphology and tight junctions (Stieglitz
et al. 2021). In addition, formation of
microtubule-based protrusions leads to enhanced
adherence (Schwan et al. 2009, 2014,
Papatheodorou et al. 2011). The role of CDT is
not fully understood, but it appears to enhance the
disruption of host protective mechanisms
stimulated by toxins A and B, increase the viru-
lence of B1/NAP1/027 strains in animal models,
would activate the NF-xB pathway, and induce
the production of pro-inflammatory cytokine
(Nibbering et al. 2021).

Of note, there are naturally occurring TcdA—
TcdB—CDT+ strains, which can be responsible
for diarrhea in humans (Eckert et al. 2015).
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23 Host Antibody Response Against

C. difficile

Several studies assessed the antibody response to
C. difficile surface components and toxins
(Hernandez Del Pino et al. 2021).

Regarding surface proteins, SLPs are highly
immunogenic. The LMW-SLP is an immuno-
dominant antigen, as demonstrated by the pres-
ence of antibodies against this protein in sera of
patients infected by C. difficile (Cerquetti et al.
1992; Wright et al. 2008). Drudy et al. found that
antibody levels to SLPs were similar in patients
with CDI, asymptomatic carriers, and controls.
However, patients with recurrences failed to
mount an efficient IgM immune response to
SLPs compared to patients with a single episode
of CDI (Drudy et al. 2004). Nevertheless, in
recent studies, Mizrahi et al. showed that during
the early response further to infection,
hospitalized patients with a single episode of
CDI had a significant higher level of IgG against
SIpA precursor compared to patients with recur-
rence or control group (Mizrahi et al. 2018).
Taken together, these results suggest that SLPs
play a role in the early antibody response to
C. difficile and then might become tolerogenic
as described for other TLR-inducer commensal
bacterial antigens (Valentini et al. 2014).

The adhesin Cwp66, the protease Cwp84, the
flagellar proteins FliC and FliD, and the Fbp
protein were found to be expressed during the
course of infection and to be immunogenic.
Most patients with CDI developed antibodies to
FliC, FliD, Cwp84, and Cwp66 C-terminal
domain, confirming the expression of these sur-
face proteins during the course of the disease
(Péchiné et al. 2005a). In another study, serum
antibody levels were compared in a CDI patient
group with a control group. Regarding the
adhesins Cwp66 and FbpA, the protease Cwp84,
and the FliC and FliD flagellar proteins, the total
antibody levels in blood were statistically lower
in the CDI group than in the control group
suggesting a role of these specific antibodies in
CDI occurrence (Péchiné et al. 2005b).
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Concerning C. difficile PS, two studies in CDI
patients have reported an antibody response spe-
cific to C. difficile PS. Oberli et al. detected PS-II-
specific IgA in CDI patient stool, and Martin et al.
detected PS-I-specific IgA and IgG in CDI patient
stool and sera, respectively (Oberli et al. 2011;
Martin et al. 2013).

Regarding toxins, TcdA and TcdB have been
shown to be immunogenic. In some studies, a
correlation was found between anti-TcdB
antibodies and asymptomatic carriage or absence
of recurrence. Whereas in other studies, anti-
TcdA antibody levels were shown to be more
significant. Viscidi et al. found that antibody
levels to TcdB were higher in sera of convales-
cent CDI patients than in sera of controls (Viscidi
et al. 1983). Another study showed a correlation
between clinical recovery without relapse, high
TcdB IgG titers, and/or neutralizing antibodies
(Aronsson et al. 1985). Kyne et al. monitored
antibody response to C. difficile toxins and
non-toxin antigens over time in hospitalized
patients (Kyne et al. 2000). Although 15-31%
of high-risk hospitalized patients were colonized
with C. difficile, only a minority developed symp-
tomatic infection. The asymptomatic carriers had
significantly higher serum IgG antibody levels to
TcdA within three days of colonization than those
who developed diarrhea. So after contamination
by C. difficile, a rise in IgG antibody to TcdA
resulted in asymptomatic colonization rather than
symptomatic infection. Interestingly, serum IgG
levels against TcdB and nontoxin antigens were
also higher in asymptomatic carriers, but the dif-
ference was not statistically significant. The same
group also observed that patients with a single
episode of CDI had significantly higher levels of
IgM against TcdA, TcdB, and nontoxin antigens
by day 3 of illness. These patients had also signif-
icantly higher levels of circulating IgG against
TcdA by day 12, compared to patients who later
developed recurrent CDI. After adjusting for
other risk factors, patients with CDI and a low
level of serum IgG against TcdA had a 48-fold
greater risk of recurrence (Kyne et al. 2001). In
recent studies in humans, De Roo et al. have
shown that rCDI is associated with low serum
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antibody titers against TcdA and TcdB (De Roo
and Regenbogen 2020).

Besides circulating antibodies, neutralizing
anti-TcdA IgA in stool have also been detected
(Kelly et al. 1992). Warny et al. showed that fecal
anti-TcdA IgA titers were significantly higher in
patients who suffered a single episode compared
to those relapsing (Warny et al. 1994). Jonhson
et al. found that anti-TcdA sIgA titers were higher
in the intestinal secretions of CDI convalescent
patients compared to noncarrier subjects (Johnson
et al. 1992). Anti-TcdA secretory IgA (sIgA)
could inhibit toxin binding to intestinal receptors
(Kelly et al. 1992; Warny et al. 1994). Low levels
of fecal IgA and reduction in colonic
IgA-producing cells associated with the gut
mucosa have been shown to be associated with
prolonged CDI and recurrences of infection
(Johal et al. 2004). For Islam et al. in the early
course of CDI (<72 h), low specific sIgA titers
against TcdB but not TcdA were associated with
susceptibility to disease suggesting that the muco-
sal immunity to TcdB may be particularly impor-
tant in the early stages of infection (Islam et al.
2014).

All these results demonstrated that the
adaptative host immune response plays a role in
disease presentation and outcome.

A better knowledge of C. difficile pathogenesis
and the host response has paved the way to the
development of several antibody-based products
(APs), and passive and active immunization
strategies have been developed for the prevention
and/or treatment of CDI (Mizrahi et al. 2014).

3 Passive Immunization
Strategies
with Antibody-Based Products

Passive immunization strategies are designed in
function of the target antigen (C. difficile toxins or
surface proteins), the antibody-based product
(AP), and its administration route (oral or paren-
teral) (Bruxelle 2017).

Toxins, as key virulence factors, represent the
first studied target for passive immunization.
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However, such a strategy does not act on the
bacterial clearance and consequently neither on
colonization or dissemination of C. difficile in the
environment. Another rational strategy is to target
the whole bacterium or its surface proteins.

In passive immunization strategies, AP must
be present in the intestinal lumen in order to act
directly against C. difficile. If administered via a
parenteral route, the AP should have a low immu-
nogenicity and a good bioavailability and should
be transferred from the systemic circulation to the
intestinal lumen. If directly administered via the
oral route, the AP faces digestion process. In both
cases, the main issue of passive immunization
strategy resides in pharmacokinetic properties of
the AP.

Currently, the progress on antibody engineer-
ing enables to design a variety of APs ranging
from polyclonal antibodies through monoclonal
antibodies and various antibody fragments such
as heavy chain single-domain antibodies (VyHs).
Therefore, the concomitant choices of the target,
the administration route, and the variety of APs
explain the diversity of studies dealing with pas-
sive immunization strategies against C. difficile.

3.1 Assays in Animal Models
Parenteral Administration

of Antibody-Based Products

in Animal Models

Polyclonal Antibodies Against Toxins

First, polyclonal antibodies were used in passive
immunotherapy against C. difficile. In 1982,
Libby and Wilkins were the first to demonstrate
that passive immunization of mice with specific
rabbit antiserum against toxins protected mice
against the homologous toxin but not the heterol-
ogous toxin (Libby and Wilkins 1982). In another
animal model, Giannasca et al. showed that intra-
peritoneally (i.p.) injection of mouse antitoxin
antibodies before challenge protected hamsters
in a dose-dependent manner against C. difficile
(Giannasca et al. 1999). Robert et al. produced
polyvalent antitoxin antibodies in sheep; the
i.p. administration of this antiserum to hamsters

3.1.1
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after challenge with different strains of C. difficile
was protective in a dose-dependent manner
(Roberts et al. 2012).

Monoclonal Antibodies Against Toxins

Then, monoclonal antibodies (MAbs) have been
produced and tested in different models. Corthier
et al. developed a passive immunotherapy with
MADs targeting specifically C. difficile toxins in
monoxenic mice (Corthier et al. 1991). Intrave-
nous (i.v.) administration of a mouse monoclonal
IgG targeting TcdA C-terminal repeating units
was able to protect mice against lethal
C. difficile infection. After administration, the
titer of MAbs remained high for at least eight
days, and mice were fully protected against
C. difficile while no mouse survives in the control
group. Of note, no impact on C. difficile coloni-
zation in passively immunized mice was
observed.

In a second generation of AP, fully humanized
monoclonal antibodies (HuMAbs) directed
against either the RBD of TcdA or TcdB were
produced and assessed by Babcock et al. (2006).
After characterization, anti-TcdA CDA1 and anti-
TcdB MDX1388 were selected for protection
assays in animal models. In a classic infection
model after a primary challenge, hamsters were
treated i.p. with CDA1, MDX1388 alone, or in
combination for four days before challenge with
C. difficile spores. In a relapse model, treatment
with CDA1 and/or MDX1388 was associated
with a vancomycin treatment. CDA1 alone led
to early partial protection compared to controls
without treatment. However, this protection did
not persist. MDX1388 administered alone did not
lead to protection. Interestingly, compared to
controls, combination therapy with CDA1 and
MDX1388, leading to neutralization of RBD of
both toxins, provided better and prolonged pro-
tection in both models. These antibodies were
shown to neutralize the toxin effects of diverse
and clinically relevant strains of C. difficile,
including multiple isolates of the BI/NAP1/027
and BK/NAP7/078 strains (Hernandez et al.
2015). In addition, Babcock et al. reported that
levels of circulating HuMAbs in hamsters were
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much lower than anticipated and that 10% of the
hamsters had no detectable circulating antibodies
after a total of 200 mg of antibody i.p.-
administered. They suggest that it could be due
to the inefficient transport of human antibodies
from the peritoneum into the bloodstream or that
some hamsters develop an immune response to
the human antibody leading to their rapid
clearance.

Then, others produced HuMAbs targeting
toxins based on the sequence of CDAl and
MDX1388. For instance, Davies et al. have
developed a mixture of three humanized IgG1
MAbs (UCB MADbs), of which one neutralize
TcdA and two TcdB (Davies et al. 2013). The
UCB MAbs showed high potency in a variety of
in vitro binding and neutralization assays. Com-
pared to CDA1 and MDX1388, UCB MAbs led
to higher levels of protection in their hamster
model of CDI and displayed higher valencies of
toxin binding. Interestingly, pharmacokinetic and
biodistribution assays of i.p. administered
humanized IgG1 in noninfected hamsters showed
that antibody half-life in serum was of about six
days. MAbs were detectable in healthy hamster
colon (about 28 ng/ml/cm of mucosa +17) seven
days after i.p. administration of about 2 mg of
humanized IgG1l. This persistence may likely
explain the levels of protection provided by
these UCB MAbs. Qiu et al. developed anti-
TcdA and anti-TcdB HuMAbs from murine
MADb candidates. Administered parenterally,
they were able to protect animals in a dose-
dependent manner against lethal challenge (85%
of hamster survival after C. difficile challenge)
and to reduce the severity and duration of diarrhea
associated with several C. difficile clinical strains
(Qiu et al. 2016).

These RBD-specific MAbs block toxin activ-
ity by inhibiting receptor binding and subse-
quently internalization in epithelial cells.
Another way to block toxin activity is to target
the N-terminal domain either the translocation
domain (TD) or the glucosyltransferase domain
(GTD). Indeed, these domains are more
conserved between C. difficile strains and there-
fore represent targets for AP against a broader
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range of clinical strains. For Anosova et al., the
combination of three fully HuMAbs, one specific
to the RBD of TcdA and two specific for the GTD
of TcdB, protected hamsters from CDI (Anosova
et al. 2015).

These studies showed that treatments with AP
targeting both toxins could increase protection
against CDI. In these animal models, MAbs
were administered with several doses a few days
before challenge, therefore mimicking either a
prophylactic strategy or an established circulating
antibody response against toxins.

Monoclonal
Toxins
With the development of antibody engineering,
various MAb fragments have been produced and
tested (Péchiné et al. 2017), in particular VyH
fragments or nanobodies, which correspond to
the N-terminal region of a single variable
(VH) domain from camel heavy chain antibody.

Yang et al. and Schmidt et al. developed two
neutralizing, tetravalent antibodies composed of
VyHs targeting both TcdA and TcdB (designated
ABA and VNA2-Tcd) (Yang et al. 2014; Schmidt
et al. 2016). ABA and VNA2-Tcd, two chimeric
multivalent APs, were composed of two VyHs
recognizing the GTD and translocation domain
(TD) of TcdA, respectively, and two VyHs
recognizing the GTD of TcdB. After
i.p. administration, both VyHs protected against
CDI in mice and gnotobiotic piglets but not in
hamsters. Moreover, ABA was able to neutralize
toxins from a panel of genotypically diverse
TcdA* TedB™ clinical isolates, including some
BI/NAP1/027 strains. However, to increase pro-
tective efficacy of parenterally administered
VyH, its serum half-life has been improved by
developing a replication-deficient recombinant
adenovirus expressing the heteromultimeric
VyH-based agents (ABA and VNA2-Tcd). This
strategy, optimizing the AP delivery, has shown
its efficacy to neutralize toxins and prevent CDI.

Of note, VyHs against the two fragments of
CDT have also been designed and seem to effi-
ciently neutralize the toxin in vitro (Unger et al.
2015).

Antibody Subunits Against



Immunization Strategies Against Clostridioides difficile

To develop novel C. difficile APs, Hussack
et al. isolated several single-domain antibodies
(VyHs) capable of toxin A neutralization through
recognition of the extreme C-terminal combined
repetitive oligopeptide (CROP) domain. How-
ever, they did not succeed at identifying
neutralizing VyHs that bound a similar region
on the toxin B (Hussack et al. 2011). In a more
recent study, they reported the isolation of a panel
of 29 VyHs targeting at least seven unique
epitopes on a toxin B immunogen composed of
a portion of the central delivery domain and the
entire CROP domain. Unfortunately, none of the
VuHs tested neutralized the toxin B. However,
toxin B inhibition was observed with a chimeric
form of the VyH fused to a human Fc domain
(VyH-Fc fusions), reaching the neutralizing
potency of the recently approved antitoxin B
monoclonal antibody bezlotoxumab in in vitro
assays (Hussack et al. 2018).

The advantage of such antibodies is the possibil-
ity of their genetic manipulation to increase their
efficiency. Sulea et al. (2018) considered an affin-
ity maturation platform to construct mutant
antibodies neutralizing TcdA. These results
supported the role of mutation in enhancing the
affinity of antibodies. In this regard, the develop-
ment of double-mutant T56R and TI103R
neutralized TcdA cytotoxicity with a half maxi-
mal inhibitory concentration (IC50) of 12 nM and
enhanced sdAb affinity to toxin A (Sulea et al.
2018).

Polyclonal and Fragments Antibodies Against
Surface Proteins

Another approach is to target colonization factors,
which may help to eliminate colonizing bacteria.
Few studies have tested parenteral passive immu-
nization targeting colonization factors with poly-
clonal antibodies. For instance, Malderelli et al.
targeted C. difficile pilin with anti-PilW serum but
did not obtain protection in mice against
C. difficile (Maldarelli et al. 2016). Ghose et al.
produced polyclonal antibodies targeting the
C. difficile flagellin FliC (Ghose et al. 2016b).
Passive immunization of mice via i.p. route with
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anti-FliC hyperimmune serum was able to protect
80% of treated mice against C. difficile after lethal
challenge. Since FliC plays a key role in the
pathogenesis ranging from bacterial colonization
through immunomodulatory effects and gene reg-
ulation, protection elicited by anti-FliC antibody
may involve various mechanisms. Kandalaft et al.
described the production of VyHs targeting the
SLPs; in vitro test showed that a combination of
three VyHs targeting the LMW-SLP inhibited
C. difficile’s motility (Kandalaft et al. 2015).

3.1.2 Mucosal Administration

of Antibody-Based Products

in Animal Models
Lyerly et al. used a bovine immunoglobulin G
(IgG) concentrate (BIC) from gestating cow’s
colostrum vaccinated with C. difficile formalin-
inactivated culture filtrate to orally passively
immunize hamsters (Lyerly et al. 1991). BIC
contained high levels of neutralizing IgG specific
to both toxins and probably to other antigens.
Treated hamsters were completely protected
from the disease during the treatment compared
to controls. However, treated hamsters developed
diarrhea and died after the end of treatment. These
results showed for the first time that passive
immunization by oral route against C. difficile
targeting mainly toxins can protect against the
toxin-mediated virulence.

Van Dissel et al. used in the hamster model an
immune whey protein concentrate (immune
WPC-40, Mucomilk) containing high concentra-
tion of sIgA antibodies against the whole bacterial
cell as well as TcdA and TcdB (van Dissel et al.
2005). Immune WPC-40 conferred 80-90% pro-
tection in hamsters challenged with a toxigenic
C. difficile strain. In contrast to Lyerly et al., the
protection was maintained in surviving hamsters
after treatment cessation for at least 28 days.
These authors suggest that sIgA directed against
the whole bacterial cell may reduce C. difficile gut
colonization and promote bacterial clearance.

In another study, Kink et al. tested therapeutic
or prophylactic strategy, neutralizing avian anti-
toxin antibodies (IgY) directed against the
C-terminal domain of TcdA or TcdB
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administered orally to hamsters (Kink and
Williams 1998). Prophylactic treatment before
challenge with anti-TcdA alone was efficient to
protect hamsters from CDI. However, for thera-
peutic treatment, co-administration of anti-TcdA
and anti-TcdB after C. difficile challenge was
necessary to fully protect hamsters.

The main issue of passive immunization by
oral route is the AP stability in the digestive
environment. Immunoglobulins (Igs) have to
resist to acidity in the stomach and to pancreatic
enzymes in the small intestine. However, anti-
body sensitivity to digestive enzymes depends
on antibody isotype. For instance, IgGl are
more susceptible to hydrolysis by pepsin than
IgG2. Trypsin preferentially digests bovine IgG1
and IgG2 than IgM, whereas chymotrypsin pref-
erentially hydrolyzes IgM than IgG (de Rham and
Isliker 1977; Brock et al. 1977). Notably, sIgA
are more resistant than IgG to degradation in the
stomach and intestine (Fagarasan and Honjo
2003). This emphasizes the importance of isotype
selection for oral passive immunization. Never-
theless, to improve orally administrated AP half-
life, a specific formulation and/or vectorization
may be recommended to maintain activity and
to target C. difficile in the colonic infection site.

To extend life time of orally AP against
C. difficile toxins, Andersen et al. engineered a
Lactobacillus strain in order to express cell wall-
anchored TcdB-neutralizing antibody fragments
(VyHs) (Andersen et al. 2015). In a prophylactic
treatment in a hamster model, oral administration
of a combination of two L. paracasei strains
expressing two different VyHs conferred a partial
(50%) protection against lethal C. difficile chal-
lenge. Hamsters showed either no damage or
limited inflammation of the colonic mucosa after
four days of C. difficile infection although they
were colonized by C. difficile.

Bovine antibodies from hyperimmune colos-
trum milk is considered a powerful orally
administered drug candidate that is currently in
clinical development. A pregnant dairy cow was
repeatedly immunized with recombinant mutants
of toxins A and B produced by C. difficile, and the
resultant hyperimmune bovine colostrum (HBC)
was evaluated for therapeutic efficacy in
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gnotobiotic piglets with diarrhea due to CDI. As
a result, nonimmune colostrum-treated piglets
developed moderate to severe diarrhea and colitis.
In contrast, HBC-treated piglets had mild or no
diarrhea and mild or no colitis (Sponseller et al.
2014).

Few years later, Hutton et al. worked on preg-
nant cows that were immunized intramuscularly
to generate HBC containing antibodies that target
essential C. difficile virulence components, spe-
cifically spores, vegetative cells, and toxin B
(TcdB) and SLP. Mouse infection and relapse
models were used to compare the capacity of
HBC to prevent or treat primary CDI as well as
prevent recurrence. Administration by the oral
route of TcdB-specific colostrum alone, or in
combination with spore or vegetative cell-
targeted colostrum, prevents and treats
C. difficile disease in mice and reduces disease
recurrence by 67% (Hutton et al. 2017).

In another study with the same approach, cows
were repeatedly immunized to establish specific
immunoglobulin G and A titers against toxins A
(TcdA) and B (TedB) and against C. difficile cells
in mature milk or colostrum. The effect of three
different concentrations of anti-C. difficile whey
protein isolates (anti-CD-WPI) and the standard
of care antibiotic vancomycin were investigated
in the hamster animal model of CDI. WPI
obtained from the milk of exactly the same cows
preimmunization and a vehicle group served as
negative controls. The survival of hamsters
receiving orally anti-CD-WPI was 50%, 80%,
and 100% compared to 10% and 0% for the
control groups, respectively. The surviving
hamsters of the anti-CD-WPI groups survived
the entire study period, although they were treated
for only 75h. The specific antibodies not only
inactivated the toxins for initial suppression of
CDI but also prevented recurrence (Heidebrecht
et al. 2019).

Roberts et al. developed a novel orally deliv-
ered ovine polyclonal antibody product targeting
C. difficile toxins. This so-called OraCAb shows
high antibody titers and was optimized with a
formulation protecting the antibodies from
gastrointestinal-mediated inactivation. The poten-
tial of OraCAb to prevent CDI was assessed
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in vivo in a hamster model. Results show a sig-
nificant difference in animal survival for those
treated with the optimized OraCAb formulation
versus the untreated control group. Also, treat-
ment with a combination of vancomycin and
OraCAb prevented simulated CDI recurrence,
unlike vancomycin therapy alone (Roberts et al.
2020).

Finally, Chiari et al. tested co-administration
of human secretory IgA (sIgA) targeting TcdA
and TcdB together with subtherapeutic vancomy-
cin. They observed that this treatment enhanced
survival in the CDI hamster model (Chiari et al.
2021).

Targeting the colonization factors may protect
against early stage of C. difficile infection.
O’Brien et al. showed that antiserum directed
against SLP administered orally to hamsters was
able to delay mortality after lethal challenge with
C. difficile compared to untreated hamsters
(O’Brien et al. 2005).

3.2 Assays in Humans and Clinical
Trials
In humans, passive immunotherapy against

C. difficile has been considered mainly to prevent
recurrences.

3.2.1 Parenteral Administration

of Antibody-Based Products

in Humans

Treatment with Polyvalent Immunoglobulins
In 1991, passive immunotherapy administered to
humans against CDI consisted of human polyva-
lent gamma globulins (Leung et al. 1991). Chil-
dren with chronic recurrent CDI presented a
deficient level of anti-TcdA IgG and IgA, and
1.v. administration of gamma globulins (IVGG),
every three weeks (400 mg/kg), was able to
increase anti-TcdA IgG level in serum and was
associated with resolution of clinical symptoms
and clearance of toxins in stool. It was then con-
firmed in two adults with severe PMC receiving
either 300 mg/kg or 200 mg/kg of IVGG; both
patients presented a rapid resolution of diarrhea,
pain, and fever within 36 h. The efficacy of IVGG
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was correlated with the presence of anti-TcdA-
neutralizing IgG. The mechanism of action of
IVGG in treatment for CDI is most likely
explained by exudation of serum proteins across
an already inflamed colonic mucosa. Then, IVGG
were tested in many patients with CDI with vari-
ous results (Diraviyam et al. 2016). Recently,
Negm et al., in 17 CDI patients, observed a thera-
peutic response to polyvalent
i.v. immunoglobulins (IVIg) in 41% (10/17) of
the patients (Negm et al. 2017). In addition, they
observed differences in TcdA-neutralizing effi-
cacy between three commercial IVIg preparations
as well as differences of level of specific IgG
isotypes against C. difficile antigens.

Clinical Trials with Monoclonal Antibodies
After successful assays in animal models, CDA1
and MDX1388 targeting TcdA and TcdB RBD,
respectively, were selected and tested in clinical
trials.

A phase I clinical trial with CDA1 in healthy
volunteers was completed (Taylor et al. 2008).
Single injection of CDA1 at different doses did
not lead to serious adverse events nor antihuman
antibodies’ production. The half-life of CDA1
ranged from 25 to 31 days. Two phase II clinical
trials were performed. In first phase II clinical
trial, CDAl was tested in patients receiving
standard-of-care (SOC) treatment for CDI and in
a placebo group. The recurrence rate was not
significantly different between the two groups
(Leav et al. 2010). A second phase II trial (spon-
sored by University of Massachusetts and
Medarex Inc.) tested the efficacy of the combina-
tion of CDA1 (actoxumab, MK-3415) and
MDX1388 (bezlotoxumab, MK-6072) in patients
with symptomatic CDI with SOC antibiotics
(NCT00350298) (Lowy et al. 2010). The recur-
rence rate was significantly lower in the patient
group treated with this combination (7%) com-
pared to placebo group (25%). Two phase I
trials have been completed under Merck license
(MODIFY I NCT01241552 and MODIFY II
NCTO01513239). They were randomized,
double-blind, placebo-controlled trials conducted
at 322 sites in 30 countries involving 2655 adults
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receiving SOC antibiotics for primary or recurrent
CDI. The primary endpoint was the recurrence of
the infection. MODIFY I was a four-arm study:
patients were randomly assigned to receive a sin-
gle dose of bezlotoxumab (10 mg/kg), actoxumab
(10 mg/kg), actoxumab plus bezlotoxumab
(10 mg/kg each), and placebo. Interestingly, this
clinical trial did not show a significant efficacy of
actoxumab alone on recurrence rate. Conse-
quently, actoxumab alone was discontinued after
an interim analysis and not evaluated alone in
MODIFY II. Thus MODIFY 1I is a three-arm
study: bezlotoxumab (10 mg/kg), actoxumab
plus bezlotoxumab (10 mg/kg each), and placebo.
In both trials, the recurrence rate was significantly
lower with bezlotoxumab alone or combined with
actoxumab than with placebo. However, addition
of actoxumab to bezlotoxumab did not improve
efficacy, which may attest a major role of TcdB in
the pathogenesis (Wilcox et al. 2017). The rate of
adverse events was similar among the three
groups; the most common events were diarrhea
and nausea. The use of a single dose was
supported by the long half-life of the MAbs
(approximately 19 days).

Finally, in 2016, bezlotoxumab was approved
by the Food and Drug Administration and the
European Medicines Agency, for the prevention
of rCDI in adult patients (>18 years) (US Food
and Drug Administration, 2016 (https://www.fda.
gov/). Notably, bezlotoxumab can only reduce
the rate of CDI relapse to ~40% compared to
placebo and is unfavorable for treating acute
CDI. Therefore, bezlotoxumab can be applied as
an effective therapy for preventing rCDI. How-
ever, the clinical effectiveness of the drug should
be assessed in further studies (Navalkele and
Chopra 2018).

Since 2021, important changes compared with
previous guideline have been suggested. This
includes that metronidazole is no longer
recommended for treatment of CDI when
fidaxomicin and vancomycin are available, FMT
or bezlotoxumab in addition to SOC antibiotics
are preferred for treatment of a second or further
recurrence of CDI, bezlotoxumab in addition to
SOC is recommended for the first recurrence of
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CDI when fidaxomicin was used to manage the
initial CDI episode, and bezlotoxumab is consid-
ered as an ancillary treatment to vancomycin for a
CDI episode with high risk of recurrence when
fidaxomicin is not available (van Prehn et al.
2021).

Among the proposed antibiotics, fidaxomicin
is the only specific antibiotic for C. difficile; how-
ever, there is no study to date that has compared
the cost-effectiveness of fidaxomicin with
bezlotoxumab. The only cost-effectiveness anal-
ysis is related to the comparison of the effect of
fidaxomicin ~ with  standard therapy plus
bezlotoxumab as reported by Lam et al. focusing
only on rCDI (Lam et al. 2018).

Additionally, it is proven that fidaxomicin plus
bezlotoxumab has similar effect to other SOC
antibiotics (i.e., vancomycin or metronidazole)
plus bezlotoxumab. Notably, pharmacoeconomic
analyses demonstrate that standard therapy plus
bezlotoxumab could be cost-effective compared
with standard therapy alone, especially in
preventing rCDI episodes in those >65 years of
age, those with severe CDI, and immunocompro-
mised patients (Raeisi et al. 2022). Regarding the
treatment of initial episode of CDI to prevent
recurrence, fidaxomicin seems to be the most
cost-effective regimen according to Chen et al.’s
study. Bezlotoxumab-vancomycin was found to
be better than fidaxomicin (Chen et al. 2021).

Reports on real-world experience on efficacy
of bezlotoxumab has been done. Oksi et al. retro-
spectively studied the efficacy and safety of
bezlotoxumab in preventing the recurrence of
C. difficile infection in five university hospitals
in Finland. Seventy-three percent of 46 patients
remained free of recurrence in the following
3 months, and the performance remained at 71%
protection among immunocompromised patients.
In severe infections, bezlotoxumab prevented
recurrence in 63% of cases (Oksi et al. 2019).

In a recent revue, authors interpret the most
recent safety data and the clinical application of
bezlotoxumab, highlighting specific high-risk
patient populations. Overall, bezlotoxumab
demonstrated a 40% relative reduction rate
(Alonso and Mahoney 2018).
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To conclude, the bezlotoxumab as adjunctive
treatment has a high success rate at preventing
rCDI in patients.

Systemically administered AP targeting the
toxins can protect from recurrent CDI. However,
it does not confer a locally oriented and a long-
lasting protection against C. difficile. To date, no
clinical trial has evaluated parenteral passive
immunization targeting C. difficile colonization
factor. Circulating antibodies are poorly trans-
ferred through a healthy intestinal mucosa and
are most likely to encounter C. difficile after epi-
thelium disruption. So investigators have
assessed the protective efficacy of orally
administered AP to target toxin and C. difficile
colonization in the intestinal tract.

3.2.2 Mucosal Administration
of Antibody-Based Products
in Humans and Clinical Trials

Van Dissel et al. tested WPC-40 in 16 patients
with confirmed CDI, among them 9 had a history
of relapses (van Dissel et al. 2005). No adverse
effect was observed during the follow-up. In addi-
tion, no toxin was detected in feces after treatment
in 14 out of 15 patients, and C. difficile could no
longer be cultured from the stools in 9 out of
15 subjects. Interestingly, none of the patients
experienced another episode of CDI after treat-
ment during the follow-up. In accordance with
this study, a larger cohort was conducted in
101 patients with CDI (median age 74 years).
After completion of at least 10 days of antibiotic
treatment, patients received orally anti-CD-WPC
for 2 weeks and were followed for 60 days. Inter-
estingly, only 10% relapsed within the follow-up.
A phase II clinical trial has been performed and
completed but the results are not posted
(NCTO00177775).

After phase I trial, Mattila et al. performed a
double-blind phase II study comparing another
C. difficile immune whey IgG concentrate
(CDIW) with metronidazole for recurrent CDI
(Mattila et al. 2008). CDIW was produced from
colostrum of cows immunized with formalin-
inactivated C. difficile. Patients included in the
study were adults who experienced at least two
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episodes of CDI. No significant differences were
observed between the two treatment groups. At
the end of the study, 8 patients out of 18 experi-
enced a relapse in CDIW (44 %) treated group and
9 out of 20 in metronidazole group (45%). These
authors suggest that partial failure may probably
be explained by a weak neutralization of coloni-
zation and toxin activity in vivo. These results
emphasize the need of a well-engineered AP
with high specificity and neutralizing activity in
the infection site.

To conclude, the development of passive
immunization strategies against C. difficile has
led to many interesting APs targeting toxins but
only a few targeting colonization factors. APs are
developed mainly for the prevention of
recurrences associated with SOC antibiotic treat-
ment against CDI. Currently, the most efficient
strategy to prevent recurrences is to target and
neutralize toxins systemically. A combination of
antibodies could increase the effectiveness of
antibody therapy. The combination of antibodies
directed against different antigen targets may
have a synergistic effect, thus increasing the per-
formance of antibody therapy. Even well
tolerated, these treatments are costly and do not
confer a long-lasting protection. In addition, pas-
sive immunization strategies targeting toxins
alone do not seem to influence intestinal coloni-
zation nor prevent epidemic burden. To obtain a
long-term protection, vaccine strategies are under
development.

4 Active Immunization
Strategies: Vaccines

Active immunization strategies are defined by the
type of the induced antibody response and depend
on the targeted antigen, the administration route,
and the regimen.

Vaccine candidates must be immunogenic to
induce an antibody response. Obviously, this
antibody response must be protective against
CDI. The targeted antigen must be specific to
C. difficile and conserved among diverse clinical
strains. The target must be biologically accessible
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to the elicited antibodies, which restricts vaccine
candidates to exposed antigens. Antitoxin
antibodies are associated with protection against
CDI and recurrences. Thus, as in passive immu-
nization strategies, toxins represent the first target
studied for vaccination against C. difficile. How-
ever, to prevent colonization, and therefore to
limit dissemination of bacteria in the environ-
ment, surface antigens represent an interesting
alternative.

Protective antibody response to C. difficile can
be either systemic or mucosal (Bruxelle 2017).
The immune response depends on the administra-
tion route and the adjuvant (Zhang et al. 2015;
Savelkoul et al. 2015). Here, we discuss the dif-
ferent vaccination strategies against C. difficile
targeting toxins or colonization factors tested in
animal models and in humans and clinical trials
after vaccination by parenteral or mucosal routes.

4.1 Vaccines Targeting Toxins

4.1.1 In Animal Models

Parenteral Immunization in Animal Models
The respective role of TcdA and TcdB in the
pathogenesis has been investigated in vaccination
assays as well. Usually, both toxins are simulta-
neously used as vaccine antigens. The first gener-
ation of vaccine was composed of formalin-
inactivated toxins (toxoids) from culture filtrates,
and then toxoids were purified. Libby et al. and
Fernie et al. obtained a full protection of hamsters
against C. difficile after immunization with
inactivated culture filtrate with Freund adjuvant
(Libby et al. 1982; Fernie et al. 1983). In contrast,
other authors (Kim et al. 1987) observed that
toxoid A was sufficient to protect hamsters
against C. difficile. However, differences in vac-
cination regimen, antigen purity, and C. difficile
strain could explain the discrepancies between
studies. Recently, a highly purified toxoid vaccine
targeting TcdA and TcdB, adjuvanted with alum,
has been developed and first tested in animal
models (Anosova et al. 2013). Intramuscular
(i.m.) immunization of hamsters was protective

C. Campidelli et al.

against mortality and disease in a dose-dependent
manner, with 90% of protection with the highest
dose tested. The protection was correlated with a
neutralizing toxin-specific IgG response. These
promising results in animal models using toxoids
in parenteral vaccination against C. difficile have
led to the development in clinical trials, which
will be further discussed.

In a second generation of vaccine, alternatives
to toxoids were investigated with vaccine based
on nontoxic recombinant fragments of C. difficile
toxins such as the antigenic C-terminal RBD.
Sauerborn et al. first used recombinant
C. difficile TcdA C-terminal domain in a subcuta-
neous (s.c.) immunization assay in mice with
Freund’s adjuvant (Sauerborn et al. 1997).
Seven out of ten immunized mice were protected
against a lethal dose of TcdA, correlated with
production of anti-TcdA antibodies. Then, differ-
ent combinations of recombinant toxin fragments
have been used in parenteral immunizations. For
instance, hamsters were immunized via i.p. route
with a combination of fragments adjuvanted with
MF29 and the RBD of TcdA associated either
with TcdB GTD or TcdB RBD fragment (Leuzzi
et al. 2013; Spencer et al. 2014). These
combinations induced systemic IgGs, which
neutralized both toxins and protected vaccinated
hamsters from a lethal challenge of various
C. difficile ribotypes. Karczewski et al. obtained
full protection of hamsters after
im. immunization with toxoids A and B
adjuvanted with aluminum hydroxyphosphate
sulfate and ISCOMATRIX™. Only partial pro-
tection was obtained with full-length toxoid A
combined with different fragments of TcdB (the
enzymatic domain + different fragments of the
C-terminal domain) (Karczewski et al. 2014). To
reduce the antigenic cocktail, fragments can be
fused, and the larger fusion protein may benefit of
an increased immunogenicity. Tian et al.
constructed a recombinant fusion protein com-
posed of TcdA and TcdB RBD fragments (Tian
et al. 2012). This fusion protein was shown to be
immunogenic in mice after i.m. immunization,
and the produced antibodies were able to neutral-
ize toxin cytotoxicity in vitro. In addition, full
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protection against C. difficile challenge was
observed in the hamster model. Wang et al.
constructed a chimeric atoxic toxin constituted
of inactivated GTD and TD of TcdB and the
RBD of TcdA (cTxAB) (Wang et al. 2012). A
rapid and potent neutralizing antibody response
against both toxins was induced after parenteral
immunization of mice with cTxAB adjuvanted
with alum. cTxAB parenteral immunizations
protected mice from a primary infection and
relapses as well, thus conferring a long-lasting
protection against C. difficile.

With the emergence of hypervirulent strains
such as BI/NAP1/027 strains producing the
binary toxin, it could be of interest to broaden
vaccine-protective efficacy. Secore et al. (2017)
recently described a tetravalent vaccine com-
posed of recombinant inactivated TcdA and
TcdB and binary toxin components CDTa and
CDTb adjuvanted with ISCOMATRIX i.m.-
administered in hamsters. The addition of CDT
to TedA and TcdB significantly improved vaccine
efficacy against BI/NAP1/027 strains. Interest-
ingly, they observed that this tetravalent vaccine
was able to elicit neutralizing antibodies against
the three toxins in hamsters and in Rhesus
macaques. Another group targeted TcdB variants,
TcdA and CDT (Tian et al. 2017). They produced
two fusion proteins, a trivalent one with CDTb/
TedB oo3)/TcdA (T-toxin) and a quadrivalent one
with CTDb/TcdB go3y/TcdA/TedB 27y (Q-toxin).
They i.m. immunized mice and hamsters with
T-toxin or Q-toxin with alum as adjuvant and
showed that this vaccination induced toxin-
neutralizing antibodies to each of the toxins and
a broad protection in hamsters against C. difficile
630 (ribotype 003) and C. difficile ribotype
027 strains. Taken together, these studies showed
the interest of multivalent fusion proteins as vac-
cine antigens.

To increase antigen immunogenicity,
polypeptides with immunoadjuvant properties
can be fused to the targeted antigens. For
instance, Ghose et al. constructed a fusion protein
constituted of the Salmonella enterica serovar
Typhimurium flagellin subunit D1 as an innate
immune agonist and the RBDs of TcdA or TcdB
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as targeted antigen (Ghose et al. 2013). After
i.p. immunization, mice displayed more anti-
TcdA IgA and the same level of anti TcdB IgA
in stool than mice immunized with unfused anti-
gen adjuvanted with alum or heat-labile entero-
toxin. Concerning the circulating IgG response,
immunization with the fusion protein induced a
higher anti-TcdA response than non-adjuvanted
unfused antigens. However, the same level of
anti-TcdA response was observed with the fusion
protein and adjuvanted unfused antigens.

Recently, Liu et al. used biodegradable
nanoparticles composed of poly-y-glutamic acid
(y-PGA) and chitosan as an antigen carrier for
their vaccine development. After construction of
a recombinant rTcdB protein of the TcdB
receptor-binding domain and its encapsulation in
v-PGA and chitosan nanoparticles, three cycles of
intraperitoneal vaccination led to high antibody
responses against TcdB and provided mice with
complete protection against a lethal dose of
C. difficile spores. They were able to observe
that the protection was associated with high levels
of toxin-neutralizing antibodies, and the rTcdBs
encapsulated by the nanoparticles elicited a
longer-lasting antibody titers than the antigen
with the conventional adjuvant, aluminum
hydroxide. Significant reductions in the level of
pro-inflammatory cytokines and chemokines
were observed in vaccinated mice. These results
suggest that nanoparticle-based vaccine design
may be useful in the development of vaccines
against C. difficile infections (Liu et al. 2017).

Parenteral vaccination with nontoxic recombi-
nant vaccines showed promising results in animal
models. Of note, these fragment vaccines have
several advantages compared to toxoid vaccine,
such as elimination of the potential risk of incom-
plete toxoid inactivation, large-scale production
in a cost-effective way, and decrease of batch-to-
batch variations (Wang et al. 2015a).

In the third generation of vaccine, vectorized
antigens and DNA vaccines targeting C. difficile
were investigated. DNA vaccines are versatile,
stable, and easy to produce. DNA vaccines facili-
tate antigen presentation and enable proper pro-
tein folding for correct epitope presentation. In
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addition, DNA vaccines have the ability to induce
both humoral and cellular immune responses and
a good immune priming (Saade and Petrovsky
2012). Gardiner et al. were the first to test DNA
vaccination against C. difficile (Gardiner et al.
2009). A synthetic gene TxA-RBD optimized
for expression in human cells was constructed.
Mice were inoculated by electroporation with the
TxA-RBD expressing plasmid and then
challenged with a lethal dose of purified TcdA.
Treated mice were fully protected and presented a
strong serum anti-TcdA IgG antibody response.
Jin et al. (2013) screened the immunogenicity of
various toxin fragments by DNA vaccination.
Antibody response was elicited by two DNA
vaccines, one expressing fragment of the TcdA
RBD (TcdA-C) and the other expressing the
TcdA catalytic N-terminal domain (Tcd-N). Pas-
sive transfer in mice of immune serum elicited
with both TcdA-C and TcdB-N fully protected
mice against a lethal dose of C. difficile
concentrated culture filtrate. Baliban et al.
constructed an optimized DNA vaccine encoding
the RBD of TcdA and TcdB and showed that
i.m. followed by electroporation in mice and non-
human primates was able to promote a strong
serum IgG but not IgA response associated with
neutralizing IgG antibodies to both toxins in
blood and interestingly in stool (Baliban et al.
2014). In addition, immunized mice were signifi-
cantly protected against C. difficile.

Zhang et al. constructed highly optimized
plasmids to express the receptor binding domains
of TcdA and TcdB from a single vector. This
DNA vaccine has been evaluated in two animal
models to test its immunogenicity and protective
effects. They were able to observe high levels of
serum antibodies against toxin A and/or B and
demonstrated neutralizing activity in both in vitro
and in vivo systems. In the hamster model, immu-
nization with the DNA vaccine reduced the sever-
ity of infection and conferred significant
protection against a lethal strain of C. difficile
(Zhang et al. 2016).

Seregin et al. designed an adenovirus-based
vaccine targeting TcdA (Seregin et al. 2012).
This vaccine induced a rapid and strong antibody
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response and a T cell response against TcdA,
which led to full protection in mice after
C. difficile challenge.

Matchett et al. developed a novel single-cycle
adenovirus (SC-Ad) vaccine against C. difficile
expressing the RBD of TcdA and TcdB. Single
immunization of mice generated sustained toxin-
binding antibody responses and protected them
from lethal toxin challenge for 38 weeks.
Immunized Syrian hamsters produced significant
toxin-neutralizing antibodies that increased over
36 weeks, and a single intramuscular immuniza-
tion provided complete protection against lethal
BI/NAP1/027 spore challenge 45 weeks later
(Matchett et al. 2020).

All these three generations of parenteral
vaccines targeting toxins aim to induce a systemic
response. However, these studies did not report
the induction of a parallel mucosal immune
response. Even if antitoxin-circulating IgG
antibodies against C. difficile can be protective,
they are less likely effective locally on the early
step of infection. In contrast, mucosal IgA
response would be more likely able to rapidly
act locally on the infection site.

Mucosal Immunization in Animal Models
Torres et al. aimed to identify the best route of
immunization for a protective vaccine against
C. difficile in hamsters. They compared the muco-
sal (intra-nasal i.n., intra-rectal i.r., intra-gastric i.
g.), parenteral (s.c., i.p.), and a combination of
mucosal and parenteral routes (i.n. and i.p.) with
formalin-inactivated culture filtrate of toxigenic
C. difficile with CT as adjuvant for mucosal
immunizations and RIBI for parenteral
immunizations  (Torres et  al 1995).
Immunizations via i.n., s.c., and i.p. routes led to
full protection. Similarly, Giannasca et al. in a
vaccination strategy targeting toxins tested sev-
eral immunization routes. The optimal protection
was obtained with combined i.m. and i.r. routes
(Giannasca et al. 1999).

Inducing mucosal immunity via the mucosal
route encounters many difficulties. Antigens have
to cross the mucosal surface to be uptaken by the
immune cells. In addition, the mucosal immune



Immunization Strategies Against Clostridioides difficile

system is closely interacting with the intestinal
microbiota resulting in an important regulation
and immune tolerance (Chen and Cerutti 2010;
Xiong and Hu 2015). Adjuvants and vectorization
are key factors to modulate the mucosal immune
system and develop a mucosal vaccine (Lavelle
2005).

Even if after i.n. immunization the intestinal
mucosa can be stimulated through mucosal hom-
ing, it is not the optimal route to induce an intes-
tinal antibody response compared to the oral
route. Antigen vectorization is recommended for
oral immunizations. Ryan et al. used a live
attenuated bacterial vector for oral immunization
(Ryan et al. 1997). A live attenuated V. cholerae
strain was used, expressing a fusion protein
consisting of the C-terminal RBD of TcdA fused
to the secretion signal of E. coli hemolysin A as
secretion system, co-administered with CT as
adjuvant to orally immunize rabbits. Vaccination
induced an anti-TcdA IgG response but did not
significantly induce an IgA response. However, in
an ileal loop challenge assay, this vaccination was
protective against TcdA.

More recently, Winter et al. provided proof of
concept by considering a locally invasive but
highly attenuated Salmonella enterica serovar
Typhimurium YS1646 vector expressing a fusion
protein consisting of the S. Typhimurium secre-
tion signals, and either toxin A or toxin B RBD
could be even more effective in inducing local
and systemic anti-RBD responses. When given in
a five-day multimodal regimen (i.m. one time,
p-o. three times), these candidate vaccines elicited
high serum IgG titers and provided complete pro-
tection against lethal challenge in a mouse model.
Although the amount of IgA present in the intes-
tinal tissues after vaccination was relatively low,
they found that the induction of an effective local
immune response by these vaccines was strongly
supported by the fact that oral vaccination alone
provided substantial protection, despite the
absence of detectable serum antibodies prior to
challenge (Winter et al. 2019).

Permpoonpattana et al. used a Bacillus subtilis
spores as vehicle to orally deliver the carboxy-
terminal repeat domains of TcdA alone (amino
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acids 2388-2706) or with TcdB (amino acids
2137-2366) in mouse and hamster vaccination
assays (Permpoonpattana et al. 2011). Such a
strategy was able to induce a neutralizing and
protective mucosal IgA and systemic IgG
response. Of note, neutralizing sIgA antibodies
to the TcdA repeat domain were shown to be
cross-reactive with the analogous domain of
TcdB. In this study, antibodies against TcdA pro-
vide protection against challenge with A+/B+
toxigenic C. difficile strains. Recently, Hong
et al. expressed in Bacillus subtilis spores the
same carboxy-terminal domain of TcdA
(A26-39) and immunized hamsters by oral and
sublingual routes (Hong et al. 2017). Hamsters
were protected after challenge with C. difficile
strain 630. In addition, protection was associated
with the absence of C. difficile toxins and spores
in fecal samples and high level of anti TcdAj¢.39
fecal IgA and circulating IgG. The authors sug-
gest that antibodies induced by TcdA,¢ 39 cross-
react with seemingly unrelated proteins expressed
on the vegetative cell surface or spore coat of
C. difficile.

Wang et al. constructed a protein (mTcd138),
composed of the glucosyltransferase and cysteine
protease domains of TcdB and the RBD of TcdA
to develop an oral vaccine that can target both
C. difficile toxins and colonization/adhesion
factors (Wang et al. 2015b). After expressing
mTcd138 in nontoxigenic C. difficile (NTCD),
oral immunization with NTCD_mTcd138 spores
completely protected mice from the infection with
the hypervirulent strain UK6 (ribotype 027). In
addition, the immunization significantly protected
hamster against a lethal dose of UK6 (Wang et al.
2018). More recently, they generated a new chi-
meric protein (Tcd169), composed of the GT and
CP domains and the RBDs of TcdB and TcdA,
and observed that after parenteral immunizations
with this protein, mice were effectively protected
from infection by C. difficile R20291. As before,
they expressed Tcd169 in an NTCD to develop an
oral vaccine that can target both C. difficile toxins
and other C. difficile antigen. Oral immunizations
with NTCD_Tcd169 spores induced systemic and
mucosal antibody responses against both toxins
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but also against FliC and FliD. Interestingly, anti-
Tcd169 sera showed significant cross-reactivity
to FliC and FliD but also SlpA and Cwp2
(another S-layer protein). Oral immunizations
with NTCD_Tcd169 spores provided mice with
effective protection against C. difficile R20291
infection and significantly reduced the number
of spores in feces compared to NTCD or PBS
immunized mice (Wang et al. 2022).

Another approach developed by Guo et al.
used a Lactococcus lactis strain to express the
TcdA and TcdB RBD (Guo et al. 2015). Live
vaccines benefit from the ideal features of an
effective mucosal delivery system such as antigen
protection from degradation, antigen delivery to
mucosal surface, antigen uptake by target cells,
and expression of potent immunostimulatory
molecules. After oral administration in mice,
animals were partially protected from C. difficile
challenge, and this protection was shown to be
positively correlated with an IgG- and sIgA-
specific response in immunized mice.

4.1.2 In Humans and Clinical Trials

The positive results of animal vaccination assays
constitute a proof of concept for the development
of human vaccines (Table 1).
Parenteral Immunization in  Humans
and Clinical Trials

Safety, immunogenicity, and dose response of the
highly purified formalin-inactivated toxoid A and
B vaccine, previously tested in hamsters, have
been assessed in human volunteers. After
i.m. injection with alum as adjuvant, vaccination
was well tolerated, and volunteers developed
neutralizing antitoxin antibodies in serum
(Kotloff et al. 2001). Then, Sougioultzis et al.
tested this vaccine in three patients with recurrent
CDI (Sougioultzis et al. 2005). After vaccination,
the patients discontinued treatment with oral van-
comycin without any further recurrence.

Sanofi Pasteur had have started to develop a
vaccine targeting TcdA and B (CDIFFENSE™).
Unfortunately, results reported from a recent
phase III multicenter C. difficile toxoid (TcdA
and TcdB) vaccine trial (NCT01887912, Sanofi
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Pasteur, 9302 participants in 23 countries) were
not encouraging (de Bruyn et al. 2021). Subjects
included were adults >50 years old considered to
be at increased risk of CDI. The candidate vaccine
was unable to reduce the incidence of symptom-
atic CDI in the first efficacy analysis
(34/6173 vs. 16/3085 cases of CDI in the vaccine
and placebo groups, respectively). Clinical devel-
opment of the vaccine candidate was stopped.

In parallel, Pfizer (USA) develops a geneti-
cally modified full-length TcdA and TcdB toxoid
vaccine. A phase I clinical trial in healthy adults
(50-85 years of age) has been completed and
assessed safety and immunogenicity by testing a
three-dose vaccination regimen by i.m. route with
one of three dose levels of C difficile vaccine with
or without alum as an adjuvant (NCT01706367).
Only mild to moderate local reactions and sys-
temic events were observed. No clear dose-level
response pattern was detected. Vaccination
induced potent antitoxin neutralizing immune
response in all groups that lasted at least for
12 months (Sheldon et al. 2016). A phase II
clinical trial assessed the safety and tolerability
of the three-dose vaccine in healthy adults aged
50-85 years (NCT02117570). Among volunteers
who were 65-85 years of age, redness around the
vaccination area (injection site erythema) was the
most common medical problem. Six volunteers,
out of the total of 121 in the two vaccine groups,
experienced severe redness. None of them
withdrew from the study as a result of the reac-
tion. However, following this finding, the sponsor
decided not to carry out stage 3 of the study.
Another phase II trial to study the safety, tolera-
bility, and immune response of subjects to the
vaccine has been completed. Two different vacci-
nation schedules were compared (low dose and
high dose). Each subject initially received three
doses of vaccine or placebo, and then one year
after the third dose, the subjects who had not
received a placebo were randomized to receive a
fourth dose. Subjects were followed for up to four
years after their third vaccination
(NCT02561195). The C. difficile vaccine has
been shown to be safe, well tolerated, and immu-
nogenic in healthy US adults ages 65-85.
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Table 1 Vaccines in clinical development

Vaccine sponsor

Genetically
modified full-
length TcdA and
TcdB toxoids
Pfizer

Recombinant
fusion protein
consisting of
truncated TcdA
and TcdB
VLAS84 (formerly
1C84 Intercell)
Valneva Austria

F2 antigen
(GSK2904545A)
adjuvanted with

Clinical trial

Phase |
(completed)
Healthy
adult
volunteers
(50-85
years)
Phase II
(completed)
Healthy
adult
volunteers
(50-85
years)
Phase 11
(completed)
Healthy
adults 65—
85 years

Phase III
(completed)
Adults >50
years

Phase 11T
(completed)
Healthy
adults 65—
85 years
Phase Ia/Ib
(completed)
Ia Healthy
subjects 18—
65 years

Ib Elderly
>65 years
Phase 11
(completed)
500 healthy
adults >50
years

Phase 1
(completed)
Healthy

Mode of
administration

i.m. 3 dose injection
different doses with/
without adjuvant
(alum) versus
placebo

i.m. three doses
(days 1, 8, and 30)
high dose, low dose
versus placebo (three
arms)

i.m. three doses on
1 of 2 schedule
versus placebo (six
arms)

Vaccine versus
placebo (two arms)

Three vaccines lot
versus placebo (four
arms)

i.m. four injections
(days 0, 7, 28, and
56) of two different
doses with or
without adjuvant
(alum)

i.m. injections (days
0, 7, and 28)
different doses with
or without alum
versus placebo

i.m. injections
according to a zero-
and one-month

Outcome
measures

Safety, and
immunogenicity

Safety,
tolerability
and immune
response

Safety,
tolerability, and
immune response

Efficacy: CDI
and recurrence

Assess the lot
consistency,
safety, and
tolerability
Immune response
Safety,
immunogenicity,
and dose
response

Dose
confirmation,
immunogenicity,
and safety

Generate data on
safety,
reactogenicity,

Results

Generally safe and
well tolerated

No clear dose
response

Good
immunogenicity

Severe redness at
the site of injection
Sponsor decided
not to carry out
stage 3 of the
study

Safe, well
tolerated, and
immunogenic
Robust immune
responses in the
200 pg monthly
diet group
Reduce the CDI
severity

Vaccine 100%
effective in
preventing
medically assisted
CDI

Did not meet its
pre-specified
primary endpoint
of prevention of
primary CDI
Consistent lots and
immunogenic
Generally safe and
tolerated

Good safety and
tolerability
Highly
immunogenic for
TcdA and TcdB

High
seroconversion for
antibodies against
toxins A and B and
toxins alone

No results posted
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Table 1 (continued)

Mode of

Vaccine sponsor Clinical trial | administration

ASO1B adults 18— schedule with or
GlaxoSmithKline |45 years and | without adjuvant
50-70 years | ASO1B versus

placebo
The third dose is
administered
15 months after the
second dose

CDVAX Phase | Oral vaccine

inactivated (terminated)

Bacillus spores Healthy

expressing a adults 18—

toxoid antigen and | 50 years

a spore

colonization

factor

Royal Holloway

Univ. Cutting S.M.

SOC standard of care antibiotic treatment

Immune responses were particularly robust in the
group monthly treated with 200 pg of vaccine
candidate (Kitchin et al. 2020). In March 2022,
initial analyses of two protocol-defined secondary
endpoints  from the phase III  trial
(NCT03090191) CLOVER (CLOstridium diffi-

cile Vaccine Efficacy TRial) indicated a highly
favorable benefit in reducing the CDI severity and
100% efficacy of the vaccine in preventing medi-
cally assisted CDI. However, the trial did not
meet its prespecified primary endpoint of preven-
tion of primary CDI. Safety reviews indicated that
the experimental vaccine was safe and well
tolerated. Another trial (NCT03579459) to assess
batch consistency of C. difficile vaccines in
healthy adults 65-85 years of age has been
completed in January 2023.

Valneva (Austria) announced positive phase I
results for its C. difficile vaccine candidate
VLAS84 (formerly 1C84), a recombinant fusion
protein consisting of truncated forms of TcdA
and TcdB. Phase Ia/phase Ib trials showed good
safety and tolerability profile of the vaccine
(Bézay et al. 2016). VLA84 was highly immuno-
genic and was able to induce similar immune
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References
Outcome ClinicalTrials.
measures Results gov
and
immunogenicity
Safety, mucosal, | No results posted | NCT02991417

and systemic
immunogenicity

responses to TcdA and TcdB in adults and elderly
subjects (NCT01296386). A dose confirmation,
immunogenicity, and safety study in 500 healthy
adults (>50 years) in a phase II trial has been
completed (NCT02316470). Again, the results
showed that it induced seroconversion in up to
78% of participants for antibodies against toxins
A and B, up to 97% against toxin A alone, and up
to 84% against toxin B alone.

GlaxoSmithKline (GSK) has initiated a phase I
study aimed at generating data on safety,
reactogenicity (assessment of any expected or
unexpected side effects of the vaccine), and
immunogenicity (ability to induce an immune
response) for the development of a vaccine candi-
date targeting C. difficile composed of the F2
antigen (GSK2904545A) with or without
ASO1B adjuvant. This vaccine aims to protect
against primary cases of CDI and recurrence
(NCT04026009).

All these three vaccines aim to induce a sys-
temic antibody response against both toxins and
showed promising results and could elicit long-
lasting protection. However today, no vaccine has
been approved for clinical use.


http://clinicaltrials.gov
http://clinicaltrials.gov

Immunization Strategies Against Clostridioides difficile
Mucosal Immunization in Humans
and Clinical Trials

Currently, only one trial was performed and
aimed to elicit both mucosal and systemic
immune responses to C. difficile. A phase I clini-
cal trial under the supervision of the Cutting
S.M. (Royal Holloway University) and funded
by the European Union 7th Framework Program
assessed the safety and immunogenicity of an oral
vaccine against C. difficile in healthy adults
(CDVAX). Their approach was a novel mucosal
vaccine delivery system based on the use of
inactivated Bacillus subtilis spores that express
two different recombinant C. difficile antigens
on their surface, a toxoid antigen and a unique
spore colonization factor. Adverse events were
monitored, and specific mucosal and systemic
immunity (sIgA, circulating IgA and IgG) were
evaluated in this trial (NCT02991417). Further
clinical research is needed to test the efficacy
and safety of CDVAX.

4.2 Vaccines Targeting Surface

Components

Several studies rationalized the concept of
targeting surface components to develop vaccines
(Mizrahi et al. 2014). To induce a specific
immune response against C. difficile and limit
cross-reactivity, ~ vaccines  target  specific
C. difficile surface components conserved
among strains. Presently, all these vaccines are
in preclinical development in animal models.

Parenteral Immunization in Animal Models
Several antigen candidates have been investigated
for parenteral vaccination targeting C. difficile
surface components.

After s.c. mouse immunization with
nontoxigenic C. difficile membrane fraction
adjuvanted in an oil emulsion (TiterMax Gold
Adjuvant), Senoh et al. induced a specific IgG
and IgA response in sera and intestinal fluids,
respectively. Interestingly, hyperimmune sera
and intestinal fluids were able to inhibit
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C. difficile adhesion in vitro to human intestinal
Caco? cells (Senoh et al. 2015).

One approach aims to target C. difficile surface
proteins involved in bacterial gut colonization
and participating to C. difficile pathogenesis. For
instance, Ni Eidhin et al. i.p. immunized hamsters
with crude SLPs from a clinical C. difficile strain
(PCR ribotype 001) with either alum or RIBI as
adjuvant (Ni FEidhin et al. 2008). Hamsters
immunized with alum mounted a strong IgG
response whereas hamsters immunized with
RIBI mounted a weak IgG response. However,
all immunized hamsters developed diarrhea and
died after C. difficile challenge. Another study
successfully tested C. difficile flagellin FliC in
i.p. vaccination assay (Ghose et al. 2016b).
Ghose et al. i.p. immunized mice and hamsters
with recombinant FliC adjuvanted with alum. As
expected, immunization induced a high systemic
anti-FliC IgG response in mice. In addition,
immunized mice were fully protected against a
clinical epidemic 027 strain (UK1) whereas
immunized hamsters were partially protected
against strain 630Aerm. Surface spore proteins
have also been tested as vaccine antigen. Indeed,
spores may play an essential role in persistence of
C. difficile in the intestinal tract. Ghose et al.
tested several spore proteins and i.p. immunized
mice with the exosporium CdeC or CdeM
proteins with alum as adjuvant. They observed a
full protection in mice against the 027, UKI1
strain. This protection was correlated with
circulating specific IgG and a significant decrease
of the level of spore shedding compared to
controls (Ghose et al. 2016a). In addition, these
spore proteins were also able to afford an 80%
protection against 6304erm in vaccinated
hamsters.

Another approach is to target highly specific
antigens abundantly present on C. difficile sur-
face, such as cell wall polysaccharides (Monteiro
et al. 2013; Monteiro 2016). Oberli et al. (2011)
and Romano et al. (2014) demonstrated PS-II
immunogenicity in mice with, respectively, diph-
theria toxoid (CRM97) or recombinant TcdA and
TcdB fragments as carrier protein, to make PS
immunogenic. PS-I was shown immunogenic in
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CDI patients as anti-PS-I IgG in serum and anti-
PS-I IgA were found in stool. Mice immunized
with  synthetic =~ PS-I-CRM;y9;  conjugate
adjuvanted with either alum or Freund’s adjuvant
produced specific anti PS-I IgG, IgM, and IgA in
blood (Martin et al. 2013). In addition, Martin
et al. identified a minimal epitope in PS-I, which
is the disaccharide RhA(1-3)-Glc. Then, the same
group (Broecker et al. 2016a) constructed a pen-
tavalent glycoconjugate based on the PS-I mini-
mal epitope with an increased antigenicity. Of
note, this synthetic pentavalent vaccine candidate
elicited a weak but highly specific IgG response
to native PS-I glycan in mice, but vaccine efficacy
was not tested against C. difficile colonization.

C. difficile LTA (also named PS-III) has been
shown to be conserved in C. difficile strains. Cox
et al. (2013) constructed different
glycoconjugates, and immunization of rabbit
and mice induced a specific serum IgG response
to C. difficile live vegetative cells and spores.
Broecker et al. (2016b) constructed a semi-
synthetic LTA-CRM;y; glycoconjugate that
elicited anti-LTA IgG in mice with or without
alum adjuvant. Anti-LTA antibodies recognized
C. difficile surface and significantly limited bacte-
rial mouse gut colonization five days post
challenge.

Mucosal Immunization in Animal Models

A mucosal immunization targeting surface
proteins compared to parenteral immunization
aims to induce locally an immune response
against C. difficile correlated to a decrease of
bacterial gut colonization. Several vaccine
candidates have been tested via mucosal routes
in animal models.

After i.r. immunization of human microbiota
gnotobiotic mice with a C. difficile toxin-free cell
wall extract adjuvanted with CT and after
C. difficile challenge, a significant decrease of
bacterial gut colonization in immunized mice
compared to controls was observed (Péchiné
et al. 2007). Pechiné et al. evaluated C. difficile
surface proteins as mucosal vaccine candidates in
this mouse model (Péchiné et al. 2007). First, the
flagellar cap protein FliD was used to determine
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the best mucosal route of immunization between
ir., i.g., and i.n. The best immune response was
induced with FliD and CT as adjuvant via the
i.r. route, leading to systemic anti-FliD IgG and
mucosal sIgA response. Then, to prevent
C. (difficile gut colonization, mice were
i.r. immunized with CT as adjuvant with flagellar
preparation containing FliC and FliD or an asso-
ciation of Cwp84 and FliD as antigens. All
immunized groups showed a significant decrease
of intestinal colonization from day 13 after chal-
lenge. In another study aiming to identify surface
antigens in mucosal vaccination, Péchiné et al.
i.r. immunized hamsters with a cell wall extract
of a nontoxigenic C. difficile strain adjuvanted
with CT (Péchiné et al. 2013). A partial protection
of hamsters (33%) against a lethal dose of
C. difficile was observed. Using a comparative
proteomic analysis between sera from protected
immunized animals and sera from the control
group, three proteins have been identified as key
factors leading to production of protective
antibodies: the chaperon protein DnaK, the heat
shock protein GroEL, and the S-layer protein
precursor SlpA. GroEL was used as antigen to
i.n. immunize mice with CT as adjuvant and was
able to induce a systemic anti-GroEL IgG
response associated with a significant decrease
of bacterial colonization from day 8 after
C. difficile challenge. We also tested the SIpA
precursor as vaccine antigen (Bruxelle et al.
2016). Immunization (i.r.) of mice with SIpA as
antigen and CT as adjuvant induced a systemic
anti-SlpA IgG and a mucosal sIgA response. Fur-
thermore, this regimen induced a trend in
decrease of C. difficile intestinal colonization sig-
nificant at day 10 after challenge. In the hamster
model, this immunization regimen led to a partial
and non-lasting protection against C. difficile. In
comparison, Ni Eidhin et al. (2008) immunized
hamsters with crude SLP extract. They tested
different vaccination regimens with different anti-
gen doses, different adjuvants, and different
routes of immunization (i.p. prime with RIBI
adjuvant, i.n. prime with CT, in. boost with
CT). The best protection was obtained in
hamsters immunized with the i.p. prime and
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1.n. boost combination; two hamsters out of three
survived after a lethal challenge. In mice, this
regimen induced a strong circulating anti-SLP
IgG and IgA response.

Immunization (i.r., i.n., or s.c.) of hamsters
with Cwp84 as antigen and CT or Freund com-
plete as adjuvant has been performed (Péchiné
et al. 2011). The best protection was obtained
with the rectal route and CT as adjuvant (40%
greater survival in the i.r. immunized group com-
pared to a control group). Surprisingly, this pro-
tection was not correlated with circulating anti-
Cwp84 antibodies. Then, oral immunization was
performed in hamsters with Cwp84 encapsulated
in pectin beads for colonic delivery. A similar
partial protection (40%) was obtained, with no
correlation to systemic antibody response. These
results in the hamster model support the role of
other mechanisms of protection in parallel of the
circulating antibody response such as innate
immunity and mucosal immune response.

C. difficile colonization is multifactorial, and
combination of several surface components in
vaccine is likely necessary to obtain a full protec-
tion against colonization (Crobach et al. 2018). A
better knowledge of the colonization process and
the mucosal immune response against C. difficile
will improve mucosal vaccine development.

CDO0873 is a surface-exposed lipoprotein and
an adhesin of C. difficile. Immunization of con-
ventional mice with recombinant CDO0873 by
intraperitoneal route resulted in a prevented
long-term gut colonization and was correlated
with a strong secretory IgA immune response
(Bradshaw et al. 2019). Following the initial iden-
tification of CDO0873 as a potential interesting
vaccine candidate, this antigen was tested in a
hamster model. CD0873 of C. difficile given
orally in enteric capsules to hamsters induced
local and serum-neutralizing antibody responses
which afforded partial protection against infec-
tion with a hypervirulent strain. Following chal-
lenge with the R20291ermB C. difficile strain, the
CDO0873-immunized group showed a partial pro-
tection by a mean increase of 80% in time to
experimental endpoint compared to naive animals
(Karyal et al. 2021a). The same authors tested
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oral delivery of the whole protein CDO0873
displayed on the outer membrane of liposomal
nanoparticles. They observed that this liposomal
formulation induced a greater neutralizing anti-
body response than CD0873 given alone (Karyal
et al. 2021b). Furthermore, another study
investigated the interest of CD0873 as vaccine
candidate. In nontoxigenic C. difficile strain T7,
CDO0873 was overexpressed. Vaccination of
hamsters with spores of this recombinant strain
T7-0873 administered by the oral route success-
fully induced intestinal antibodies. This immune
response induced significantly reduced adhesion
of toxigenic C. difficile to Caco-2 cells, and these
responses were mirrored in sera. Unfortunately,
no challenge with a toxigenic C. difficile strain
has been performed after immunization regimen
(Hughes et al. 2022).

Spores are major players of the infection and
could be targets for vaccination. In this context,
spore surface proteins of C. difficile could be
considered as potential antigens. Maia et al.
reported that the C-terminal domain of the spore
surface protein BclA3 (BclA3crp) was identified
as an antigenic epitope, overproduced in E. coli
and tested as an immunogen in mice. To increase
antigen stability and efficiency, BclA3crp was
also exposed on the surface of B. subtilis spores
used as a mucosal vaccine delivery system. Mice
were intranasally immunized. Administrations of
the recombinant protein BclA3ctp induced anti-
body production and attenuated some C. difficile
infection symptoms after a challenge with the
toxigenic strain R20291 of C. difficile, while the
spore-displayed antigen resulted less effective
(Maia et al. 2020).

Interestingly, a multi-epitope vaccine was
designed using computer methods. Two target
proteins, CdeC, affecting spore germination, and
FliD, affecting vegetative forms, were selected to
construct a vaccine candidate so that it could
simultaneously induce the immune response
against two different forms of C. difficile. The
antigenicity, toxicity, allergenicity, and other
physicochemical properties of the vaccine were
checked. The results of molecular docking and
MD simulation showed that the vaccine could
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stably bind to TLRs and MHC molecules (Tan
et al. 2022).

Another original in silico approach has been
used for designing a multivalent chimeric vaccine
consisting of several colonization factors includ-
ing CotE, SlpA, and FliC proteins. The overall
reliability of this candidate vaccine was validated
in silico, and the molecular dynamic simulation
verified the stability of the vaccine designed
(Basak et al. 2021).

5 Conclusion

Highly specific and protective, the antibody
response to C. difficile is closely associated with
the outcome of the infection and the control of
recurrences. Several strategies have been devel-
oped to prevent or treat CDI (Fig. 1).

One strategy is based on passive
immunizations with various Aps; another is to
develop vaccines. In both passive and active

Oral, intra-rectal Vaccines: Oral APs:
*Flagellar protein

+Cell wall extract

Oral, intranasal Vaccine
*Bacillus subtilis spores
expressing C. difficile

*Colostrum anti- C. difficile
(vegetative cells and spores) + toxins
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immunizations, the key virulence factors TcdA
and TcdB were the first vaccine antigens. Then,
surface components of the vegetative cells and the
spores were also studied as promising candidates.
The first assays have been performed in animal
models and have paved the way to development
in humans.

Today, bezlotoxumab (Zinplava ™) is the
only AP against C. difficile i.v. administered
approved for clinical use and indicated to reduce
recurrence of CDI in patients who received SOC
antibiotic treatment for CDI and are at high risk of
recurrences. The main advantage of passive
immunization with specific MAbs consists in its
rapidity of protection capable to complement the
poor host immune response. However, this strat-
egy is expensive and does not confer a long-term
protection. Vaccines display advantages such as
long-term protection but depend on the faculty of
the host to develop an immune response. It is well
known that immune response is impaired in
elderly who are particularly at risk of CDL

Oral Vaccines:
*Vibrio cholerae or Salmonella
typhimurium expressing TcdA or TedB

spore protein + toxoid *Cwp84 +Whey protein isolates (WPI) *Bacillus subtilis spores expressing toxin
antigen (CDVAX) *Encapsulated Cwp84 *Avian anti-toxin RBD
*GroEL +0Ovine anti-toxin (OraCAb) *Lactococcus lactis expressing toxin RBD
*SlpA *WPC-40, CDIW *Non-toxigenic C. difficile with TcdA and
«CD0873 sLactobacillus expressing anti TcdB TedB domains
Mucosal *BelA3 VyH *CDVAX

administration

®
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-t
- .

Parenteral
administration
e Vaccines:
Vaccine: :
+Exosporium, CdeC AHIC
or CdeM *LTA-CRM g,

AP:

+Polyclonal anti-FliC

—

:indicate vaccine or AP target

® @

Anti-toxin vaccines:
*Toxoids

*Recombinant fragments
*DNA-vaccine
*Adenovirus vaccine

Anti-toxin APs:
*Polyclonal antibodies
*Mabs

*HuMabs (ex: Zinplava™)
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Fig. 1 Mucosal and parenteral immunization strategies against C. difficile
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Several parenteral vaccines targeting both toxins
TcdA and TedB are tested in clinical trials (two in
phase III). It is likely that parenteral toxin
vaccines will be approved soon for human use.

The mucosal and systemic immune responses
have both their role in the protection against CDIL.
Mucosal immunization displays advantages such
as the local induction of an innate and adaptive
immune response. Several assays have been
performed in animal models either with toxin
antigens or colonization factor antigens. A phase
I clinical trial has been completed with bacillus
spores expressing a toxin fragment and a spore
protein. These promising assays should be con-
firmed. Surface components of the vegetative
cells also led to promising results in animal
models. However, a combination of various colo-
nization factors seems necessary to reach full
protection. In addition, the combination of toxin
antigens with colonization factors antigens has
the advantage to inhibit the two steps of the
pathogenic process, colonization and toxin
release. Future research should focus on develop-
ment of novel immunologic strategies including
systemic and mucosal vaccines targeting both
virulence and colonization factors.
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Abstract

Clostridioides (formerly Clostridium) difficile
is a major bacterial cause of post-antibiotic
diarrhoea. The epidemiology of C. difficile
infections (CDIs) has dramatically changed
since the early 2000s, with an increasing inci-
dence and severity across Europe. This trend is
partly due to the emergence and rapid world-
wide spread of the hypervirulent and epidemic
PCR ribotype 027. Profiles of patients with
CDI have also evolved, with description of
community-acquired (CA) infections in
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patients with no traditional risk factors for
CDI. However, epidemiological studies
indicated that some European countries have
successfully controlled the dissemination of
the 027 clone whereas other countries reported
the emergence of other virulent or unusual
strains. The aims of this review are to summa-
rize the current European CDI epidemiology
and to describe the new virulent C. difficile
strains circulating in Europe, as well as other
potential emerging strains described else-
where. Standardized typing methods and sur-
veillance programmes are mandatory for a
better understanding and monitoring of CDI
in Europe.

1 Introduction

Clostridioides (formerly Clostridium) difficile is
the main bacterial cause of hospital-acquired diar-
rhoea; it is responsible for 15-25% of post-
antibiotic diarrhoea and for virtually all cases of
pseudomembranous colitis (Bartlett and Gerding
2008). C. difficile infection (CDI) epidemiology
has dramatically changed in Europe since the
beginning of the 2000s (Fig. 1). The incidence
has increased from 2.45 cases per 10,000 patient-
days in 2005 (Barbut et al. 2007) to 4.1 in 2008
(Bauer et al. 2011) and 7.0 in 2012-2013 (Davies
et al. 2014). The most recent data indicated a
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decrease of the incidence, suggesting an improve-
ment in infection control measures. In
20162017, the ECDC-coordinated surveillance
reported a crude incidence density of 3.48 cases
per 10,000 patient-days among 1559 hospitals
from 23 EU/EEA countries (ECDC 2022). In
2017-2018, the COMBACTE-CDI’s study
performed in 64 European healthcare facilities
found a median incidence of 4.1 cases (IQR
2.7-6.4), ranging from 2.7 (France) to 39.7
(Romania) cases per 10,000 bed-days (Viprey
et al. 2023) (Fig. 1). This variation is likely to
result from a combination of several factors,
including the level of awareness of CDI among
physicians, the type of methods/algorithm for
CDI diagnosis implemented in each country and
the global spread of the PCR ribotype (RT) 027
clone. This study also showed that there is still a
substantial underdiagnosis of CDI coupled with
large disparities in testing policies among
European countries (Viprey et al. 2023).

In Europe, the hypervirulent epidemic RT
027 strain (or REA-type BI/NAP1/toxinotype
IIT) was first reported in England in 2005 (Smith
2005) and has since rapidly spread in other
European countries. RT 027 is characterized by
an 18 bp deletion and a deletion at position 117 in
tcdC gene, resulting in the inactivation of the
toxin repressor TcdC and higher amounts of
toxin production (Warny et al. 2005), although
the role of fcdC mutation in toxin overproduction
is still debated (Murray et al. 2009; Cartman et al.
2012). Moreover, epidemic 027 strains also pro-
duce an additional toxin, the binary toxin, and are
resistant to erythromycin and moxifloxacin,
which may have conferred a selective advantage.
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The same combination of genetic and phenotypic
features can be found in other rare RT, such as RT
176 (Krutova et al. 2015; Drabek et al. 2015). RT
027-related CDIs are associated with a higher rate
of complications and recurrences (Sundram et al.
2009). The RT 027 has disseminated throughout
Europe, with a clear shift in its regional reparti-
tion from the UK and Ireland in 2008 (Bauer et al.
2011) to Eastern Europe in 2012-2013 (Davies
et al. 2016b). Some countries have successfully
controlled its spread and decreased its prevalence
(Hensgens et al. 2009; Fawley et al. 2016), while
other countries were hit by large outbreaks
(Bouza et al. 2017). In addition, other virulent or
unusual PCR ribotypes are emerging.

2 C. difficile Typing Methods

2.1 PCR Ribotyping

PCR ribotyping is the reference method for
C. difficile typing in Europe. It relies on the pres-
ence of several alleles of the rRNA operon in the
C. difficile genome. The length polymorphism of
the intergenic spacer region between 16S and 23S
rRNA genes results in RT-specific patterns after
genomic amplification and migration (Bidet et al.
1999). PCR ribotyping was first developed using
agarose gel electrophoresis, but the capillary
gel-based electrophoresis method has now been
widely adopted. The latter enables better
standardization and easier comparison between
laboratories and is recommended as the reference
technique in Europe (Fawley et al. 2015).
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Fig. 1 Trend in CDI incidence in Europe (Bauer et al. 2011; Davies et al. 2014; ECDC 2022; Viprey et al. 2023)
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Most European countries use a common
nomenclature, but some laboratories developed
their own local databases. An online database
containing capillary electrophoresis RT profiles
is available (WEBRIBO, https://webribo.ages.at/
, (Indra et al. 2008). However, there is no
standardized protocol since several primer sets
were published (Stubbs et al. 1999; Bidet et al.
1999), some of them enabling direct PCR
ribotyping from stool samples (Janezic et al.
2011). Harmonization of the PCR ribotyping
method and nomenclature is therefore essential
and needs to be improved in Europe, in order to
detect emergence of new unreferenced RT in a
timely manner.

2.2 Other Methods Used

for C. difficile Typing

Toxins A and B, which are considered as the main
virulence factors of C. difficile (Pruitt and Lacy
2012), are encoded by tcdA and tcdB genes
located within a locus of pathogenicity (PaLoc).
The Pal.oc also contains fcdR (positive regulator
of toxin expression), tcdE (holin required for
toxin secretion) and tcdC (potential negative reg-
ulator). The genetic polymorphism of the PalLoc
can be explored by toxinotyping, which is a PCR
restriction-based method (Rupnik et al. 1998).
Toxinotypes are defined according to differences
in the PalLoc compared to the reference strain VPI
10463 (nonvariant toxinotype 0). To date,
34 toxinotypes have been described (Rupnik and
Janezic 2016) (http://www.mf.um.si/mf/tox/pro
file.html). Toxinotyping and PCR ribotyping are
well correlated since most of the strains in a given
RT have similar changes in the PalL.oc and thus
belong to a single toxinotype. The analysis of
123 strains showed that in a few cases, PCR
ribotyping can be more discriminatory than
toxinotyping whereas RTs include several
toxinotypes less frequently (Rupnik et al. 2001).
To avoid ambiguities, a revised toxinotyping
nomenclature was published (Rupnik and Janezic
2016).

PFGE (pulsed-field gel electrophoresis) is a
genotype-based typing method developed in the
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1980s and mostly used in North America. There
is good concordance between results of PFGE
and PCR ribotyping (Bidet et al. 2000). PFGE
has a higher discriminatory power than PCR
ribotyping (Killgore et al. 2008), but the interpre-
tation of genetic relatedness is comparable
between both typing methods. However, some
strains are non-typeable with this method, and
degradation of genomic DNA can hinder the anal-
ysis (Kristjansson et al. 1994). PFGE is also very
labour-intensive and the lack of standardisation
makes inter-laboratory data comparison difficult.

The discriminatory power of PCR ribotyping
is not sufficient to prove the nosocomial transmis-
sion of a strain, particularly when a RT is endemic
at aregional or national level. In that case, another
more discriminant typing method has to be used,
such as multilocus variable-number tandem
repeat (VNTR) analysis (MLVA). MLVA relies
on the variability of the VNTR at different loci.
The genetic relatedness of isolates is appreciated
through the sum of tandem repeat number
differences (STRD) (Marsh et al. 2006).

MLST is a typing method based on nucleotide
sequence variation (defined as allele) of seven
housekeeping gene fragments (adk, dxr, glyA,
tpi, recA, atpA and sodA) compared to a reference
strain (Griffiths et al. 2010). The combination of
the different allele defines the sequence type
(ST) (https://pubmlst.org/cdifficile/). This simple
and standardized method allows comparison of
large collections of C. difficile isolates. It has
been used to build a phylogenetic tree of
C. difficile which included five major clades.
The hypervirulent STO027 belongs to clade
2 whereas the RT 078 belongs to clade 5. Interest-
ingly some STs correspond to multiple ribotypes
whereas a given ribotype may not belong to a
single ST (Stabler et al. 2012).

Whole genome sequencing (WGS) can distin-
guish between strains at the single nucleotide
level, highly increasing the discriminatory
power over other typing schemes. Given the
transferability of data and the diversity of poten-
tial applications, such as comparative genome
analysis and lineage analysis, this method is
increasingly being used for C. difficile typing
(Knetsch 2013). Two methods can be considered
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to analyse genomic variations: one is based on the
single nucleotide polymorphism (SNP) difference
in the coding and non-coding region between the
reference genome and the studied genome. The
second is based on the gene-by-gene allelic
profiling of the core genome (cgMLST) or the
whole genome (WgMLST) (Bletz et al. 2018;
Baktash et al. 2022). There are currently several
cg/wgMLST schemes and software programmes
available for C. difficile (SeqSphere software,
Ridom GmbH, Germany; BioNumerics and
bioMérieux, France; EnteroBase, University of
Warwick, UK). These platforms are different
according to the number of core genes or acces-
sory genes included in their databases, and there-
fore the allelic cut-off threshold to distinguish
clonal from non-clonal strains is not completely
standardized. CgMLST and wgMLST have been
successfully used for investigating C. difficile
outbreaks and transmission and could become
valuable tools in routine clinical practice (Werner
et al. 2020; Barbar et al. 2022; Courbin et al.

2022).
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3 Global Distribution
of C. difficile PCR Ribotypes
in Europe

Five major European surveys described the epi-
demiology of CDI at a European level, including
incidence and RT distribution (Bauer et al. 2011;
Davies et al. 2014; Freeman et al. 2020; ECDC
2022; Viprey et al. 2023) (Fig. 2).

The first pan-European study on C. difficile
was performed in 2008 in 106 laboratories from
34 countries (Bauer et al. 2011). The incidence of
CDI and the RT distribution varied greatly
between hospitals, as well as the density testing
for CDI. The authors could differentiate 65 RT
among 389 C. difficile isolates. One of the main
findings of this study was that RT 027 was not
predominant in 2008, representing only 5% of the
isolates. The most common RT were 014/020
(16%), 001 (9%) and 078 (8%). Some RT seemed
to spread regionally, such as RT 106 mostly
described in the UK and Ireland.

The EUCLID (European, multicentre, pro-
spective, biannual, point-prevalence study of
CDI in hospitalized patients with diarrhoea)
study was conducted in 2012-2013 and included
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Fig. 2 PCR ribotype distribution during European surveillance (Bauer et al. 2011; Freeman et al. 2020; ECDC 2022)
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482 hospitals from 19 European countries
(Davies et al. 2016b). The objectives were to
measure the underdiagnosis of CDI and to assess
the diversity of RT repartition in Europe. During
two sampling days (one in winter and one in
summer), participating hospitals sent every
diarrhoeal stool sample, irrespective of the
request to test for C. difficile by the physician, to
a national coordinating laboratory. The RT diver-
sity was much higher than in the previous study,
with 125 RT identified among 1196 isolates.
Interestingly, the most common RT was
027 (19%), highlighting the rapid spread of this
strain at a global scale. An inverse correlation was
noted between the rate of testing and prevalence
of ribotype 027 across north, south, east and west
quadrants of Europe, which suggests that
increased awareness of CDI and use of optimum
testing methods and policies can reduce the dis-
semination of epidemic strains (Davies et al.
2014). The comparison with the 2008 data
indicated a shift in the frequency of RT
027 from the UK and Ireland (decreasing preva-
lence) to Eastern Europe countries (increasing
prevalence). RT 001/072 (11%) and 014/020
(10%) were the second and third most prevalent
RT, consistent with the 2008 results; however, the
prevalence of RT 078 dropped from 8% in 2008
to 3% in 2012-2013. The distribution of causa-
tive RT was country-specific as shown in Fig. 3
(Davies et al. 2016b).

The ClosER study was initially designed to
monitor antimicrobial susceptibility and geo-
graphical distribution of PCR ribotypes in 28
European countries from 2011 to 2016 (Freeman
et al. 2020). Overall, 3499 isolates were
characterized, resulting in 264 distinct RTs. RT
prevalence and diversity scores varied markedly
between countries and between each year of the
study. However, for countries that submitted
samples all five years, although fluctuations
were apparent, the most prevalent RTs remained
broadly consistent between 2011 and 2016.

During the ECDC-coordinated surveillance in
20162017, RT data were available for 4865
isolates (80.1% from Belgium, the Netherlands
and the UK — Wales) (ECDC 2022). The most
common RT were 014/020 (16.8%), 002 (8.4%),
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027 (8.1%), 078 (6.8%), 001 (5.9%), 005 (4.7%),
015 (4%), 023 (3.1%), 012 (2.2%) and 106 (2%).
Although the RT data were representative of
strains in Belgium, Ireland and the Netherlands,
they are not likely to be representative of the
EU/EEA as a whole. Interestingly, Czech Repub-
lic, Hungary, Poland and Slovakia reported a high
proportion of cases that had RT 027 and/or RT
027-like strains, confirming the trend observed in
2012-2013.

The COMBACTE-CDI study (including
119 sites in 12 European countries) found 67 dif-
ferent RTs among 198 C. difficile isolates from
hospitals (Viprey et al. 2023). The five most
common RTs were 027 (11%), 181 (12%),
014 (8%), 010 (5%) and 002 (5%). The highest
prevalence of all toxinotype IIIb isolates (RTs
027, 181 and 176) was seen in Eastern Europe
(55.9%) which also has the lowest testing rate in a
hospital setting (correlation regional testing rate
vs prevalence of toxinotype IIIb r = —0.81). The
COMBACTE-CDI  study also  collected
82 C. difficile isolates from the community: 41 dif-
ferent RTs were identified, the most prevalent
being 078 (9%), 039 (9%), 001 (6%), 020 (6%),
009 (5%), 010 (5%) and 181 (2%). Besides these
five large epidemiological studies, several other
European studies analysed RT distribution at a
national level. The results of these national stud-
ies are summarized in Table 1.

A multicentre study characterized 3333 toxi-
genic strains isolated between 2010 and 2015 in
110 Belgian hospitals (Neely et al. 2017). RT
027 (4.2%) and RT 078 (7.0%) were associated
with a higher rate of complications (unadjusted
data) and higher levels of in vitro toxin produc-
tion from cultured isolates.

A study compared epidemiological data for
community-associated (CA)-CDI and
healthcare-associated (HA)-CDI in
113 laboratories across England between 2011
and 2013 (Fawley et al. 2016). A total of
703 C. difficile toxin-positive faecal samples
from CA-CDI cases were analysed, and the
results were compared to HA-CDI data
(n = 10,754) obtained from the C. difficile
ribotyping network. RT distribution was similar
in cases of CA- and HA-CDI, but RT 002 was
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Overall ribotype prevalence

mm 027 (19%)
mm 001/072 (11%)
014/020 (10%)
140 (4%)
mm 002 (4%)
== 010 (3%)
078 (3%)
mm 018 (3%)
mm 015 (2%)
176 (2%)
Other (n= 484)

Fig. 3 Geographical distribution of C. difficile PCR
ribotypes, by participating European country, EUCLID
2012-2013 and 2013 (n = 1196) (Davies et al. 2016b).

more likely to cause CA-CDI, while RT 027 was
more often associated with HA-CDI.

In Spain, Alcalé et al. performed C. difficile
cultures on 807 unformed stool specimens sent to
118 Spanish microbiology laboratories on a sin-
gle day, regardless of the prescription by the
clinician (Alcalé et al. 2012). Among 42 toxigenic
strains, RTs 014/020, 001 and 078/126 were the
most prevalent (20.5%, 18.2% and 18.2%,
respectively). RT 027 was not found.

The characterization of 498 clinical isolates
from 20 hospitals in Portugal showed that RT
027 was predominant with 18.5% of all the strains

V)

Pie charts show the proportion of the most common
ribotypes per country, and the number in the centre of
the charts is the number of typed isolates in the country

and 19.6% of HA-associated CDI. RT 014 was
the second most frequent overall (9.4%) and the
most frequent among CA-CDI (12%). The preva-
lence of RTs 126 and 078 was low (3.8% and
2.8%, respectively) (Santos et al. 2016). The
authors described a great heterogeneity of the
RT distribution through the country with a higher
diversity in the north, where RT 027 was not
predominant.

The geographic distribution of C. difficile
genotypes in Germany was assessed using
393 isolates sent to the national advisory labora-
tory for diagnostic reason between 2011 and 2013
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Table 1 National epidemiological studies on Clostridium difficile PCR ribotype repartition
PCR ribotyping

Country N strains | method Most prevalent RT (%) Reference

Belgium 3333 Agarose gel 014 (11.6), 020 (8.5), 002 (7.6), 078 (7.0), Neely et al.
electrophoresis 027 (4.2), 005 (3.5) and 106 (3.4) (2017)

UK 11,457 Agarose gel 015 (10.2), 002 (9.1), 014 (9.1), 078 (8.0), Fawley et al.
electrophoresis 005 (7.4) and 027 (6.4) (2016)

Spain 42 Agarose gel 014/020 (20.5), 001 (18.2) and 078/126 (18.2) Alcala et al.
electrophoresis (2012)

Portugal 498 Capillary 027 (18.5), 014 (9.4), 020 (5.6) and 017 (5.2) Santos et al.
electrophoresis (2016)

Germany 393 sIpAST with 001 (35), 027 (26), 014/066 (9) and 078 (8) von Miiller et al.
assignment to RT (2015)

France 224 Agarose gel 014/020/077 (18.7), 078/126 (12.1), 015 (8.5), Eckert et al.
electrophoresis 002 (8) and 005 (4.9) (2013)

Italy 881 Capillary 607 (20%), 018 (18%), 078 (5%), 126 (5%), Barbanti and
electrophoresis 014 (5%), 027 (8%) and 010 (2%) Spigaglia (2020)

Sweden 156 Capillary 014/020, 005, 002, 078, 023 and 070* Enkirch et al.
electrophoresis (2022)

Czech 774 Capillary 176 (29) and 001 (24) Krutova et al.

Republic electrophoresis (2016)

sIpAST surface layer protein A sequence typing
*Frequency of each RT was not reported

(von Miiller et al. 2015). The typing method used
was surface layer protein A sequence typing, with
strain assignment to RT for better comparison
with international data. RTs 001 (35%) and
078 (8%) were prevalent nationwide; RTs
027 (26%) and 014/066 (9%) were detected in
almost all regions. More recently, some
healthcare facilities in North-Rhine Westphalia
observed over the last 10 years a clear switch
from RT 001 [18.75% in 2007 vs 3.75% in
2017 P = 0.003] to RT 027 [0% in 2007 vs
21.25% (n = 17) in 2017] (Piepenbrock et al.
2019).

In France, a multicentre study conducted in
2009 in 78 healthcare facilities showed that the
most prevalent RTs were 014/020/077 (18.7%),
followed by 078/126 (12.1%) (Eckert et al. 2013).
The prevalence of RT 027 strains remained low
(3.1%), and they were only isolated in Northern
France, where RT 027 emergence was first
described in 2006 (Coignard et al. 2006; Birgand
et al. 2010). These results are consistent with the
more recent LuCID (Longitudinal European
Clostridium difficile Infection Diagnosis) surveil-
lance study (Davies et al. 2016a), during which
RTs 014/020/077 and 078/126 were the most

prevalent in France (21.9% and 9.5%, respec-
tively) (Eckert et al. 2015).

In Italy, the Istituto Superiore di Sanita Central
Laboratory Service characterized 831 human and
animal C. difficile strains isolated over a 10-year
period (2006-2016) (Barbanti and Spigaglia
2020). Independently from the year of isolation,
42% of the clinical isolates belonged to the RT
018 lineage (including RT 018, RT 607, RT
541, PRO7661 and PR14328), with RT 018 and
RT 607 grouping the majority of isolates. This
lineage was significantly associated with CDIs
occurred in the General Medicine Units, Clinic
Units or Long-Term Care Facilities, while it was
rarely found in paediatric patients. Although the
percentage of isolates positive for the binary toxin
(CDT) was stable during the study (20%), several

CDT-positive RTs emerged in 2012-2016,
including RT 027.
In Sweden, the Public Health Agency

investigated 122 CDI cases between October
2017 and March 2018, which were classified as
CA (39%) (without previous hospital care or
onset <2 days after admission or >12 weeks
after discharge from hospital) or HA (61%)
(onset >3 days after hospital admission or within
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4 weeks after discharge). They found that RTs
005 (RR 3.1; 95% CIL 1.79-5.24) and
020 (RR 2.5; 95% CI: 1.31-4.63) were signifi-
cantly associated with CA-CDI (Enkirch et al.
2022).

In conclusion, RTs 014/020 and 001/072 are
endemic in almost all European countries while
there is a national or regional specificity for other
RTs. Moreover, the RT diversity is significantly
increasing across Europe.

4 Emerging PCR Ribotypes

4.1 PCR Ribotype 176

RT 176 strains are closely related to RT
027 (Stabler et al. 2006). They belong to
toxinotype III, produce the binary toxin and bear
a deletion at position 117 of the fcdC gene, lead-
ing to a potential RT 027 misidentification with
commonly used molecular assays such as Xpert®
C. difficile (Cepheid). Moreover, their similar
banding pattern (only one band difference) after
gel electrophoresis can be confusing for RT attri-
bution (Valiente et al. 2012). The first cases of RT
176-associated CDI were described in 2008 in
Poland (Obuch-Woszczatynski et al. 2014), in
2009 in the Czech Republic (Nyc¢ et al. 2011), in
2015 in Croatia (Rupnik et al. 2016) and in 2020
in Slovakia (Novakova et al. 2020). The first RT
176-related outbreak was described in France
(Couturier et al. 2017). Four strains isolated in
two geographically close hospitals, previously
identified as RT 027 with the agarose gel method,
were reassigned as RT 176 by capillary gel-based
electrophoresis. MLVA showed that those four
strains formed a clonal complex (STRD < 2)
and were genetically related to RT 027 strains
(STRD < 10). The results of the EUCLID study
showed a regional specificity of RT 176, isolated
mostly in the Czech Republic where it accounted
for 38% of the strains (Davies et al. 2016b). In
2014, a study among 18 Czech hospitals showed
that 29% of C. difficile isolates belonged to RT
176 and 24% to RT 001 (Krutova et al. 2016).
Further typing analysis by MLVA indicated that
both RTs formed clonal complexes in several
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hospitals, suggesting a rapid spread of these
clones at a national level. Moreover, RT176
strains frequently exhibit a reduced susceptibility
to moxifloxacin (Novakova et al. 2020).

These results suggest a rapid nosocomial
spread of RT 176 strains through Europe,
stressing the need for a common data base for
PCR ribotyping.

4.2 PCR Ribotype 078

RT 078 strains can produce toxins A and B, as
well as the binary toxin, and belong to toxinotype
V. They are characterized by a 39 bp deletion in
tcdC. RT 078 was reported as predominant in
Greece in 2005 (Barbut et al. 2007) and was the
third most common RT in the 2008 European
study (Bauer et al. 2011). A study showed that
RT 078 strains co-circulate with the hypervirulent
027 strains in Southern France (Cassir et al.
2017). In Southern Italy, RT 078 was the second
most frequently isolated in 138 samples from the
environment, animals, food and humans (14.5%),
right after RT 126 (15.9%) (Romano et al. 2018).
While RT 027 strains are mostly responsible for
outbreaks of HA infections in the elderly, RT
078 strains are more frequently associated with
CA infections in a younger population. CA-CDIs
due to RT 078 strains were also described in
England (Fawley et al. 2016) (see “C. difficile
infection in the community” below). Finally, RT
078 strains are frequently resistant to
fluoroquinolones and erythromycin, partly
explaining this epidemiological success (Baldan
et al. 2015).

4.3 PCR Ribotype 126

RTs 078 and 126 are highly related: they share
similar banding patterns in agarose gel electro-
phoresis method and can only be differentiated
with the capillary gel-based electrophoresis. Con-
sequently, they are often reported together as RT
078/126. Like RT 078 strains, RT 126 strains
belong to toxinotype V and are considered as
“hypervirulent” (Knetsch et al. 2011). They also
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produce the binary toxin and are characterized by
a 39 bp deletion in #cdC.

The prevalence of RT 126 strains in animals in
Germany is high, suggesting the potential zoo-
notic spread of this RT (Schneeberg et al. 2013).
MLVA showed that most of those strains are
genetically related to RT 078 strains (STRD < 10)
and some of them belong to the same clonal
complex (STRD < 2). RT 126 strains are also
frequently resistant to antibiotics, including eryth-
romycin, moxifloxacin and tetracyclin (Alvarez-
Pérez et al. 2017). A retrospective study showed
that RT 078/126 was the most common RT
(8.6%) in 206 hospitalized patients in Portugal,
with a prevalence equal to that of RT
027 (Nazareth et al. 2022). In a large European
study including 12 countries and investigating the
C. difficile positivity rate on retail potatoes, RT
126 was the most frequently isolated, suggesting
that food may be a source of contamination
(Tkalec et al. 2022).

4.4 PCR Ribotype 033/Toxinotype XI
PCR ribotype 033 strains belong to toxinotype
XI. They are characterized by the absence of
TcdA and TcdB expression and therefore cannot
be detected by EIA (enzyme immunoassay)
methods for toxins. These strains were first
described in 2001 (Rupnik et al. 2001). In 2014,
six symptomatic CDI cases due to toxinotype XI
strains were reported by the French National Ref-
erence Laboratory for C. difficile (Eckert et al.
2014). In four cases, the patient was successfully
treated by oral metronidazole. These strains were
characterized by PCR ribotyping; amplification of
tcdA, tcdB, cdtA and cdtB genes; and
toxinotyping. The six strains were defined as RT
033 (or 033-like) and were negative for TcdA and
TcdB. The binary toxin genes were present and a
39 bp deletion was identified in the 7cdC gene.
The six strains were characterized by major
deletions of the 5’ region of the Pal.oc including
tcdB, tcdE and tcdR; only a remnant part of fcdA
(A2 and A3 fragments) and tcdC could be
amplified.
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In 2018, Bandelj et al. investigated the preva-
lence and transmission of C. difficile in calves
from family dairy farms in Slovenia using
MLVA (Bandelj et al. 2018). The most common
RT in calves and in the environment was RT 033.
RT 033 was also the second predominant RT
(10/57 positive samples) in pigs in Czech Repub-
lic (Krutova et al. 2018).

The pathogenicity of toxinotype XI strains
remains controversial. Studies on the role of the
binary toxin as a virulence factor in animal
models gave contradictory results. In the rabbit
ileal loop model, an enterotoxic response was
observed after inoculation of supernatants from
culture of A"B " CDT" strains. However, despite
colonization, no symptoms occurred in
clindamycin-treated hamsters challenged with
these strains (Geric et al. 2006). Although the
prevalence of A"B CDT" strains in Europe
seems rather low (Barbut et al. 2007; Bauer
et al. 2011), surveillance of this unusual strains
is required. Indeed, the atypical genomic organi-
zation of the PalLoc can lead to a false-negative
diagnosis, more particularly when methods rely-
ing on the presence of toxin A and/or toxin B only
are used. However, the increasing use of the
Xpert® C. difficile assay, which detects binary
toxin genes, will possibly enable a better identifi-
cation of toxinotype XI strains.

4.5 PCR Ribotype 018

RT 018 has been reported as an emerging RT
responsible for outbreaks in Italy, where RT
126 was previously predominant (Spigaglia
et al. 2010). The EUCLID study (Davies et al.
2016b) showed that prevalence of RT 018 was
high in Italy (22%), as opposed to other European
countries. In addition, Baldan et al. characterized
312 C. difficile isolates from a large Italian teach-
ing hospital between 2009 and 2013 and observed
that RT 018 was predominant. After epidemio-
logical investigation of the outbreaks, RT
018 represented 42% of index CDI cases and
virtually all secondary cases (due to nosocomial
transmission). The transmission index (number of
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secondary cases divided by number of index
cases) of RT 018 was significantly higher than
that of RT 078 (0.640 and 0.0606, respectively)
(Baldan et al. 2015). In Germany, Berger et al.
investigated an outbreak that took place in 2015
and detected 9/82 CDI cases due to closely related
RT 018 strains (Berger et al. 2019). The pheno-
typic analysis results showed a fluoroquinolone
and macrolide resistance. It was the first descrip-
tion of a 018-related outbreak in this country. RT
018 was also responsible for a large outbreak in a
geriatric unit in France, with 19 CDI cases
(Gateau et al. 2019). MLVA indicated that
15/19 strains were included in two clonal
complexes. Another study comparing RT
018, RT 126 and RT 078 demonstrated that RT
018 strains produced higher levels of toxins,
showed increased adhesion to cells and became
endemic in a short time (Barbanti and Spigaglia
2016). Moreover, RT 018 strains were all multi-
drug resistant (resistance to erythromycin,
clindamycin and moxifloxacin). Together, these
results suggest that RT 018 strains have pheno-
typic traits conferring an adaptive advantage and
are able to spread widely. RT 018 strains were
indeed reported in Southern Europe (Spain,
Austria and Slovenia) and are associated with a
higher rate of complicated infections (Bauer et al.
2011).

4.6 PCR Ribotype 017

RT 017 strains belong to toxinotype VIII and are
part of C. difficile clade 4; they lack toxin A
production and binary toxin genes (Cairns et al.
2012). The clinical relevance and the prevalence
of this clone have been unclear for many years,
since it was mainly found in asymptomatic
infants (Depitre et al. 1993; Kato et al. 1998).
However, it has now been established that RT
017 strains are predominant in Asian countries
such as Korea, China and Japan (Collins et al.
2013) and that they have spread worldwide. A
recent study showed that a key feature in this
epidemiological success is the acquisition of
macrolide resistance via ermB-positive transpo-
son Tn6/94 (Imwattana et al. 2022). RT
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017-related outbreaks have been reported in
England (Cairns et al. 2015), the Netherlands
(Kuijper et al. 2001), Poland (Pituch et al. 2001)
and Ireland (Drudy et al. 2007). RT 017-related
CA-CDIs appear to be more likely to affect youn-
ger patients (Fawley et al. 2016). Severe RT
017-related CDIs have been described in
Germany, although RT 027 was the most preva-
lent strain in this study (Arvand et al. 2009).

4.7 Other Emerging PCR Ribotypes
RT 244 strains belong to the same hypervirulent
clade as RT 027 (clade 2) (Lim et al. 2014). They
produce binary toxin and bear a single nucleotide
deletion at position 117 in tcdC. Severe CA-CDI
and outbreaks due to RT 244 strains were
reported in Australia and New Zealand, where it
was previously uncommon (De Almeida et al.
2013; Eyre et al. 2015). Eyre et al. showed that
a strain isolated in a patient recently returned from
Australia to the UK was phylogenetically related
to their outbreak, highlighting the potential rapid
spread of RT 244 via international travel.

The previously quoted French multicentre sur-
vey showed that among 224 toxigenic strains,
19 (8.5%) belonged to RT 015 which was the
third most frequent RT (Eckert et al. 2013).
Fawley et al. showed that RT 015 was also pre-
dominant in England (Fawley et al. 2016). RT
015 strains were observed in wild rodents in and
around food production buildings in the Netherlands
(Krijger et al. 2019). Although RT 015 accounted
for only 2% of the strains analysed in the EUCLID
study, it seems that RT 015 strains can spread and
become predominant at a national scale.

RT 106 strains represented 5% of all toxigenic
isolates in the 2008 hospital-based European
study, but their distribution showed a regional
spread: among 20 strains, 13 were isolated in the
UK and 5 in Ireland (Bauer et al. 2011). Although
this strain had declined in prevalence, between
2012 and 2017, in France the prevalence of RT
106 strains increased from <1% to 4.65%
(Colomb-Cotinat et al. 2019). In a Southern
England healthcare facility, 38% of C. difficile
isolates (n = 97) were identified as RT 106, the
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second most prevalent RT after 027 (45%)
(Sundram et al. 2009). Almost all of these RT
106 strains were resistant to ciprofloxacin and
erythromycin. Moreover, in the Belgian
multicentre study (Neely et al. 2017), recurrences
were more frequent with RT 106-related CDL

Other data reported the emergence of RT
001 strains with reduced susceptibility to metro-
nidazole, raising concerns about the potential
spread of these strains due to this selective advan-
tage (Baines et al. 2008). Studies showed that RT
001 is the most prevalent in CDI cases in Slovakia
(Krehelova et al. 2019; Novakova et al. 2020) and
in food samples (5/18) in Slovenia (Tkalec et al.
2020). In Southern Germany, the prevalence of
RT 001 strains exhibiting resistance to erythro-
mycin, ciprofloxacin and moxifloxacin is high in
both in- and outpatients (Borgmann et al. 2008;
Arvand et al. 2009). In 2021, the German
National Reference Center for C. difficile
analysed 1535 isolates from clinical samples:
RT 001 was the second most frequent with
13.3% of the isolates, behind RT 027 (36.2%)
(Abdrabou et al. 2021).

A new 027-like RT belonging to clade 2 and
ST 1, RT 181, was described in Greece. In 2020,
it was recognized as the cause of a large outbreak
in a 180-bed rehabilitation clinic involving 15/19
CDI patients (Kachrimanidou et al. 2020). All RT
181 isolates were susceptible to vancomycin and
metronidazole but resistant to fluoroquinolones
and macrolides. All patients were successfully
treated with a ten-day oral course of vancomycin,
except for one case who suffered from a relapse.
RT 181 was the most common RT between 2016
and 2019 in ten Greek healthcare facilities with
36% of C. difficile strains, and it was identified in
seven out of the ten participating hospitals
(Kachrimanidou et al. 2022). In the
COMBACTE-CDI study, RT 181 was the most
prevalent in C. difficile isolates from hospitals
with 12% of the strains. It was also retrieved in
samples from the community (Viprey et al. 2022).
The highest frequency of toxinotype b
(027, 181 and 176) was observed in eastern
European countries (56%, 43/77) where the test-
ing rate was the lowest (58%, 164/281). These
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data suggest that RT 181 could rapidly spread at a
national or a more global scale.

Other RTs such as RT826 (clade 5) and RT046
have been responsible for large outbreaks in the
Netherlands and Sweden, respectively. These
RTs have been associated with a higher mortality
compared to other RTs and might display
increased virulence (Crobach et al. 2018;
Magnusson et al. 2022). Given their pathogenic
and epidemic potential, the emergence of these
RTs should be closely followed in European
countries.

The genetic and epidemiological features of
the emerging RT described above are
summarized in Table 2.

4.8 Emerging Strains with a A+B—

CDT— Unusual Profile

Three clinical strains with an atypical Pal.oc
structure were described in France (Monot et al.
2015), including the first variant strain producing
only toxin A (A"B"CDT ). Whole genome
sequencing analysis of this strain showed that its
Pal.oc only contained #cdA and tcdR. None of the
three strains belonged to any of the most frequent
RTs. Moreover, the authors described variability
in the sequence of the toxin genes, which may
lead to potential false-negative results with the
most commonly used diagnostic methods
(immunoenzymatic or molecular assays).

5 C. difficile Infection
in the Community

The epidemiology of CA-CDI is poorly known,
since C. difficile testing is rarely requested in stool
samples from community patients. However,
according to recent epidemiological data,
CA-CDIs account for 25% of CDI in Europe
and Australia and 33% in the United States, and
their incidence is rising (Chitnis et al. 2013;
Moloney et al. 2021). In addition, CDIs were
described among young patients from community
settings without the traditional risk factors (anti-
biotic exposure, recent hospitalization,
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Table 2 Characteristics of currently circulating and emerging PCR ribotypes in Europe

Toxins

A and | Binary
RT | Toxinotype | B toxin Deletion in tcdC
027 |11 +/+ + —18 bp/A117
176 |1II ++ + —18 bp/A117
078 |V ++ + —39 bp/A117T
126 |V +/+ + —39 bp/A117T
033 | XIa/XIb —/— —39 bp
018 | XIX +/+ — ND
017 | VIl —/+ - ND
244 | 1IXb +/+ + ND/A117
015 |NA +/+ — —18 bp or ND
106 | NA +/+ — —18 bp or ND
001 | XXIX +/+ - ND
181 |NA +/+ —18 bp/A117
826 | NA +/+ + —39 bp
046 | NA +/+ NA NA

ND not deleted, NA not available

comorbidities) (Wilcox et al. 2008; Gupta and
Khanna 2014).

Fawley et al. showed that RTs 002, 020 and
056 were largely responsible for CA-CDI
whereas RT 027 was mostly associated with
HA-CDI (Fawley et al. 2016). RT 078 strains
have been reported in animals in the Netherlands
(Goorhuis et al. 2008), and by using MLVA,
Debast et al. showed that RT 078 strains found
in animals and in humans were genetically highly
related, suggesting a foodborne interspecies trans-
mission of C. difficile (Debast et al. 2009). Similar
results were obtained by Moloney et al., who
showed using whole genome sequencing analysis
a close overlap between 078 strains from humans
and pigs isolated in Ireland (Moloney et al. 2021).
In Canada, RT 078 epidemic strains (identified as
pulsotype NAP7 by PFGE) were found in
vegetables from grocery stores (Metcalf et al.
2010). RT 078 has also been described in the
environment; it was the most frequently isolated
RT in wastewater treatment plants in Switzerland
(Romano et al. 2012). RT 078 was the
commonest (19.0%) in 42 CA-CDI cases in a
prospective study conducted in Scotland,

Main circulation area

Europe, mostly Eastern Europe (Davies et al. 2016b)
Poland and Czech Republic (Ny¢ et al. 2011; Obuch-
Woszczatynski et al. 2014)

Community-onset infections (Eckert et al. 2011; Fawley
et al. 2016)

(Eckert et al. 2011)

Low prevalence in Europe (Eckert et al. 2014)

Italy (Spigaglia et al. 2010; Rupnik and Janezic 2016)
Asia (Collins et al. 2013), Ireland (Drudy et al. 2007),
England (Cairns et al. 2015), the Netherlands (Kuijper
et al. 2001), Poland (Pituch et al. 2001) and Germany

Australia (Lim et al. 2014; Rupnik and Janezic 2016)
France (Eckert et al. 2013)

UK and Ireland (Bauer et al. 2011)

Germany, multidrug-resistant strains (Borgmann et al.
2008; Rupnik and Janezic 2016)

Greece (Kachrimanidou et al. 2022)

The Netherlands (Crobach et al. 2018)

Sweden (Magnusson et al. 2022)

followed by RT 014/020 (16.7%), 015 (14.3%)
and 001 (11.9%) (Taori et al. 2014). However, in
a US study of 984 CA-CDI cases, NAP1/RT
027 was the most frequent strain isolated
(21.7%), while less than 7% of the isolates
belonged to NAP7/RT 078 (Chitnis et al. 2013).
In 2011, population- and laboratory-based sur-
veillance for CDI was conducted in ten US areas
(Lessa et al. 2015). A total of 1364 strains were
characterized. The most common strains were
NAPI/RT 027 (18.8% of CA-CDI and 30.7% of
HA-CDI), NAP4/RT 020 (11.4% and 10.3%) and
NAPI1/RT 106 (10.7% and 10.0%). Less than
4% of the strains in both settings belonged to
NAP7/RT 078. A recent Danish study revealed
that the C. difficile prevalence in dog faeces
harvested from public gardens was 4.9%
(Bjoersdorff et al. 2021). RT 014/020 was the
most frequent. CgMLST analysis showed a
genetic relatedness between canine and human
isolates, shedding light on the role of pets as
potential community source of human CDL
These results show a large overlapping of the
RT distribution in HA- and CA-CDI, suggesting
the existence of common reservoirs and multiple
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transmission routes between community and hos-
pital settings. In fact, the recognition of C. difficile
as a ubiquitous bacteria is nowadays increasing,
due to its detection in samples from parks, envi-
ronmental waters, homes, food or commercial
stores (Tkalec et al. 2020; Moloney et al. 2021).

6 Conclusion

In conclusion, there is a large diversity of RT
across Europe, although some specific RTs are
able to disseminate at a regional or national level.
A national and European clinical surveillance
system, associated with microbiological charac-
terization of strains, is essential in order to moni-
tor the constantly changing epidemiology of CDIL.
A common European data base of the circulating
PCR ribotypes would be very helpful to detect
emergence of new virulent clones in a timely
manner.
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Patrizia Spigaglia, Paola Mastrantonio, and Fabrizio Barbanti

Abstract

The rapid evolution of antibiotic resistance in
Clostridioides difficile and the consequent
effects on prevention and treatment of
C. difficile infections (CDIs) are a matter of
concern for public health. Antibiotic resistance
plays an important role in driving C. difficile
epidemiology. Emergence of new types is
often associated with the emergence of new
resistances, and most of the epidemic
C. difficile clinical isolates is currently resis-

regardless of the burden imposed on fitness,
and therefore resistances may persist in
C. difficile population in absence of antibiotic
selective pressure.
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1 Introduction

Clostridioides difficile is recognized as the major
cause of healthcare antibiotic-associated diarrhea
(Lessa et al. 2012; European Centre for Disease
Prevention and Control 2013). Potentially, all
antibiotic classes may promote C. difficile infec-
tion (CDI) by disrupting intestinal microflora and
allowing C. difficile, ingested or resident, to pro-
liferate, colonize the gastrointestinal tract, and
infect the host. Therefore, resistance to multiple
agents represents a selective advantage for
C. difficile strains to enhance their survival and
spread.

An alarming increase in incidence of CDI has
been observed worldwide over the last 15 years,
with a significant financial burden on the
healthcare system (Redelings et al. 2007;
Burckhardt et al. 2008; Bauer et al. 2011; Gravel
et al. 2009; Miller et al. 2011a; Dubberke and
Olsen 2012; Lessa et al. 2015). The increased
number of infections has been mainly associated
with the emergence of highly virulent C. difficile
strains. In particular, strains PCR ribotype
(RT) 027/North American pulsed field gel elec-
trophoresis type I (NAPI)/restriction endonucle-
ase analysis group Bl have been recognized
responsible for severe CDI, characterized by
high rate of recurrences, mortality, and refractory
to traditional therapy (Pépin et al. 2004, 2005a, b;
McDonald et al. 2005; Muto et al. 2005; Goorhuis
et al. 2007; Clements et al. 2010).

C. difficile RT population is in expansion with
some dominant types that are flanked by new
emerging RTs over time. Besides RT 027, other
important epidemic types, such as RT 014/020,
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RT 001/072, and RT 078, are endemic in many
countries, whereas others, such as RT 018, have a
local spread (Freeman et al. 2015a; Knight et al.
2019; Brajerova et al. 2022). Recent studies
report the emergence of highly virulent RTs. In
particular, a new type, denominated RT
181, genetically related to RT 027, has reported
as the cause of several outbreaks in Europe
(Kachrimanidou et al. 2020; Kachrimanidou
et al. 2022; Viprey et al. 2022). Another type,
phylogenetic related to RT 027 and denominated
RT 244, has emerged in New Zealand
(De Almeida et al. 2013), while the RT 251 has
recently caused severe infections in Australia
(Wehrhahn et al. 2019).

Antibiotics have a central role in driving the
emergence of new C. difficile types. The global
spread of C. difficile RT 027 has been associated
with the massive use of fluoroquinolones (FQs)
and the acquisition of resistance to these
antibiotics by strains of this type (He et al.
2013). Actually, multidrug resistance (MDR) is
widely diffused among the majority of epidemic
and emergent strains, RT 027 or not (Spigaglia
et al. 2011; Byun et al. 2019; Imwattana et al.
2021a, b, 2022; Aptekorz et al. 2022; Gargis et al.
2022; Aguilar-Zamora et al. 2022).

Genetic analyses have demonstrated that
C. difficile has a versatile genome content, with
a wide range of mobile elements, many of them
encoding for predicted antibiotic resistances
(Sebaihia et al. 2006; He et al. 2010, 2013).
Besides horizontal gene transfer, other
mechanisms may contribute to promote antibiotic
resistance in C. difficile, which appears to be a
multifactorial phenomenon.

In this chapter, antibiotic resistances of
C. difficile will be discussed taking in consider-
ation the most recent published data.

2 C. difficile Antibiotic
Susceptibility

CDI is induced by exposure to antibiotics that is
associated with a 60% increased risk of infection
(Slimings and Riley 2014). C. difficile suscepti-
bility is usually evaluated for antibiotics known to
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be significantly associated with CDI or used for
CDI treatment. Among the first group,
clindamycin (CLI) and cephalosporins (CFs) are
historically recognized as high-risk agents for
CDI (Bartlett et al. 1977; Bignardi 1998).
Although a decreased number of infections have
been observed in the hospitals that have curtailed
the use of these antibiotics (de Lalla et al. 1989;
Khan and Cheesbrough 2003; Wistrom et al.
2001), the risk of hospital acquired CDI remains
high after CLI or CF therapy, so their importance
as promoting agents should not be minimized. In
the last decades, a rise in the FQ-associated CDI
has been observed in concomitant with the
increasing incidence of C. difficile RT 027. Cur-
rent strains RT 027 show high-level resistance to
FQs, never observed in historical isolates of the
same type (McDonald et al. 2005). Infection con-
trol procedures and antimicrobial stewardship
have led to a significant reduction in the incidence
of infections caused by RT 027, but this type is
still globally widespread, in particular in the East-
ern Europe where outbreaks due to RT 027 resis-
tant to several antibiotics, including moxifloxacin
(MXEF), erythromycin (ERY), clindamycin (CLI),
imipenem (IMP), and rifampicin (RIF), have been
reported (Lessa et al. 2015; Freeman et al. 2015a;
Kabata et al. 2021; Aptekorz et al. 2022). Resis-
tance to FQs has become very common also in
strains belonging to other epidemic types, includ-
ing RT 001, RT 017, RT 018, and RT 078, with
prevalence values up to 94% (Barbanti and
Spigaglia 2020; Krutova et al. 2020; Aguilar-
Zamora et al. 2022; Imwattana et al. 2022).
Although metronidazole (MTZ) and vancomy-
cin (VAN) have usually been considered as stan-
dard CDI therapies for mild and severe CDI,
respectively (Debast et al. 2014; Jarrad et al.
2015; Lyras and Cooper 2015), international
guidelines recently recommend the use of oral
metronidazole only when other agents are
unavailable (Bishop and Tiruvoipati 2022). CDI
therapies also include rifamycins (RFs), in partic-
ular rifaximin (RFX), that have been prosed as
“chaser therapy” for treatment of relapsing CDI
(Iv et al. 2014), while fidaxomicin (FDX), a bac-
tericidal new narrow-spectrum macrocyclic anti-
biotic, is used for the management of CDI with
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high risk for recurrences (Chaparro-Rojas and
Mullane 2013). Recent papers report that
C. difficile strains isolated from human show a
similar weighted pooled resistance for MTZ and
VAN of 1.0% (95% CI 0-3% and 0-2%), respec-
tively, while in the C. difficile isolates from
animals or environment, the weighted pooled
resistance increased to 1.9% (95% CI 0.5-3.6%)
for MTZ and to 2.1% (95% CI 0-5.1%) for VAN
(Saha et al. 2019; Sholeh et al. 2020). Only few
C. difficile isolates with MICs from 1 to 64 mg/L
for FDX have recently been detected (Goldstein
et al. 2011; Peng et al. 2017; Schwanbeck et al.
2019; Freeman et al. 2020; Karlowsky et al.
2020).

2.1 Antibiotics Associated with CDI
Rates of antibiotic resistance varies considerably
depending on geographic areas and local/national
antibiotic policy (Table 1). In general, C. difficile
strains have higher rates of resistance to older
generation of antibiotics than never. In fact, resis-
tance to CFs of second generation is more com-
monly observed compared to resistance to CFs of
third generation (95% vs 38%) (Dong et al. 2013;
Norman et al. 2014; Oka et al. 2012, Karlowsky
et al. 2012, Biichler et al. 2014, Kuwata et al.
2015, Knight et al. 2015a, 2016). Similarly, resis-
tance to ciprofloxacin (CIP), a FQ of second
generation, is very common in C. difficile (99%)
(Rodriguez-Pardo et al. 2013; Lee et al. 2014;
Norman et al. 2014; Lachowicz et al. 2015;
Kuwata et al. 2015; Shayganmehr et al. 2015),
and resistance to FQs of fourth generation such as
moxifloxacin (MXF) and gatifloxacin (GAT) has
been detected in a percentage between 36% and
68% of the strains analyzed, respectively
(Karlowsky et al. 2020; Tenover et al. 2012;
Eckert et al. 2013; Rodriguez-Pardo et al. 2013;
Lee et al. 2014; Kim et al. 2012; Liao et al. 2012;
Terhes et al. 2014; Weber et al. 2013; Varshney
et al. 2014; Freeman et al. 2015a; Senoh et al.
2015; Adler et al. 2015; Kociolek et al. 2016;
Putsathit et al. 2021; Gao et al. 2016; Santos
et al. 2016; Knight et al. 2015a, b; Kullin et al.
2017).

P. Spigaglia et al.

Data extrapolated from studies recently
published indicate that C. difficile strains resistant
to CLI are widely diffused in different countries
(Table 1), with a percentage of resistance ranging
between 41.8% (USA) and 91.5% (Japan). Resis-
tance to MXF has been reported in different geo-
graphic areas with a percentage comprised
between 21.7% (Canada) and 94% (Mexico),
although in some area it is less frequently
observed, such as in Australia (3.5%) (Putsathit
et al. 2021; Du et al. 2022; Aguilar-Zamora et al.
2022; Jiménez et al. 2018).

The percentage of C. difficile strains resistant
to meropenem (MRP) and RIF shows great
variability in the different countries, ranging
from 0.1% to 54% for MRP and from 9.3% to
79% for RIF, while a lower percentage of
C. difficile strains is resistant to tetracycline
(TET) (from 6% to 14.4%) (Table 1).

2.2 Antibiotics for CDI Treatment

Metronidazole Although percentage of
C. difficile strains resistant to MTZ is still low
(Table 1), several studies have reported high rate
of treatment failures in patients who received this
antibiotic (Musher et al. 2005; Pépin et al.
2005a, b; Vardakas et al. 2012; Zar et al. 2007).
Recent data indicate the isolation of strains with
minimum inhibitory concentrations (MICs)
>2 mg/L or >32 mg/L, the European Committee
on  Antimicrobial  Susceptibility = Testing
(EUCAST) epidemiological cutoff (ECOFF)
(http://www .eucast.org/clinical_breakpoints),

and the Clinical and Laboratory Standards Insti-
tute (CLSI) (Clinical and Laboratory Standards
Institute 2012) breakpoint for MTZ, respectively
(Tables 1 and 2). Besides RT 027, reduced sus-
ceptibility to MTZ has been observed also in
other important C. difficile-epidemic RTs (Adler
et al. 2015; Kouzegaran et al. 2016; Baines and
Wilcox 2015; Spigaglia 2016). An association
between a MIC breakpoint of >1 mg/L for MTZ
and an increased risk of initial clinical failure has
recently been reported (Gonzales-Luna et al.
2021). Furthermore, a link between prolonged/
repeated use of MTZ and neurotoxicity has been
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