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CHAPTER 9
Summary and general discussion
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Chapter 9

Before putting the findings from this thesis in perspective, we will summarize our main 
findings.

Main Findings

In CHAPTER 2, an extensive review of the literature on diverse aspects of C. difficile 
colonization (CDC) is provided. As there are no uniform criteria for CDC, we started our 
review by clearly defining CDC, also to be able to discern colonization from infection 
(Table 1). As patients with continuous or prolonged colonization may very well differ from 
patients who are found to carry C. difficile only at one point in time, we further subdivided 
colonization in transient and persistent colonization (Table 1).

Table 1. Definitions for C. difficile infection (CDI) and C. difficile colonization (CDC)

C. difficile infection (CDI) presence of C. difficile toxin (ideally) or a toxigenic strain type 
and clinical manifestations of CDI1

C. difficile colonization (CDC) detection of the organism in the absence of CDI symptoms
transient C. difficile detected at one point in time
persistent C. difficile detected at several points in time

1 Clinical presentations compatible with Clostridioides difficile infection include diarrhea (defined as 
Bristol stool chart types 5 to 7 plus a stool frequency of three stools in 24 or fewer consecutive hours, 
or more frequently than is normal for the individual), ileus (defined as signs of severely disturbed 
bowel function, such as vomiting and absence of stool with radiological signs of bowel distention), 
and toxic megacolon (defined as radiological signs of distention of the colon, usually to ≥10 cm in 
diameter, and signs of a severe systemic inflammatory response)

Not only definitions, but also the diagnostic methods to establish CDC are not clearly 
described in the literature. When considering how to test for CDC, it is important to first 
assess how CDI should be diagnosed, as incorrect use of laboratory assays for CDI 
detection can cause overdiagnosis of CDI and underestimation of CDC. In CHAPTER 3, 
updated recommendations for diagnosing CDI are provided. After publication of the first 
ESCMID recommendations for diagnosing C. difficile infections (1), NAATs had become 
commercially available and were more and more used as the test of choice, often as stand-
alone assay. To better define the role of NAATs in CDI diagnosis, there was a need for 
updated recommendations. These recommendations were based on a literature review and 
meta-analysis of studies evaluating test performances of commercial CDI assays. Results 
showed that although NAATs are highly specific, their positive predictive values (PPV) will 
be too low at low pre-test probability (as will be the case in stool samples submitted for 
CDI testing). We therefore recommended against the use of NAATs for stand-alone use. In 
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line with the previous ESCMID guidelines, we recommended to combine two assays in an 
algorithm to decrease the percentage of false-positive results. The algorithm should start 
with an assay with a high negative predictive value (NPV) (i.e. a highly sensitive test) that 
reliably classifies samples with a negative test result as non-CDI. All samples with a first 
positive test result will be tested with a second assay with a high PPV (i.e. a highly specific 
test) that reliably classifies samples with a positive test as CDI. Both GDH EIA and NAAT 
are suitable as the first assay in the algorithm as they are sensitive assays. The second 
assay could preferably be a Toxin A/B EIA as these are among the most specific assays 
and have the additional benefit of detecting free toxins (thought to correspond to clinical 
disease). (2) Some pitfalls in CDI diagnosis were not addressed in the ESCMID guidelines. 
These include for example the awareness that PCR RT023 produces colourless colonies 
on the chromogenic agar ChromID and the possibility of CDI due to C. difficile strains that 
are positive for binary toxin only (and hence will not be detected with most commercial 
NAATs). (3) These exceptions once again illustrate that interpretation of CDI test results 
may not always be straightforward.

Although algorithmic testing offers the most accurate CDI testing method, the drawback is 
that samples need to be tested by multiple assays which may delay diagnosis. Therefore, 
in CHAPTER 4 we determined whether quantitative results of a NAAT (when used as a 
first assay in a two-step algorithm) could predict the result of the subsequent Toxin A/B 
EIA assay. In NAAT, lower cycle quantification (Cq) values correspond to higher bacterial 
counts, and we hypothesized that lower Cq values would also be predictive of the presence 
of toxins. For the analysis, we used a collection of samples submitted for CDI testing to two 
hospital laboratories (n=2669 and n=1718, respectively). Moreover, we included samples 
from patients with asymptomatic CDC on hospital admission (samples were derived from 
the CDD study, see CHAPTER 6). We found significantly lower Cq values in stool samples 
that tested positive for toxins. Using receiver operating characteristic curve analysis, 
we demonstrated that with the optimal Cq cutoff values, prediction of the toxin A/B EIA 
results was accurate for 78.9% and 80.5% of samples in hospital 1 and 2, respectively. 
We concluded that Cq values can indeed serve as predictors of toxin status, and might 
possibly aid in establishing a preliminary diagnosis. Yet, due to the suboptimal correlation 
between the two tests, additional toxin testing is still needed. Interestingly, comparable 
Cq levels were found in CDC patients and diarrheal patients testing negative for toxins, 
suggesting that these groups are indeed only colonized by C. difficile and that the latter 
group represented patients colonized by C. difficile with diarrhea due to another cause 
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than CDI. Our results also show that reliance on NAAT as stand-alone test may lead to 
overdiagnosis of CDI and underestimation of CDC.

In CHAPTER 2, we clarified which assays that are traditionally used for diagnosing CDI can 
also be applied to detect CDC. A specific concern when assessing CDC is that bacterial 
counts may be lower than in CDI, and therefore the most sensitive methods – like culture- 
should be used. Also, it is very important to confirm the absence of symptoms suggestive 
of CDI to prevent confusion between these two conditions. Further in this discussion, we 
will elaborate more on the risks of confusion between CDC and CDI depending on test 
methodology and the consequences hereof.

With the realization that there are patients who are colonized with C. difficile, but do not 
demonstrate symptoms, a question arose: which mechanisms allow for colonization but 
protect against symptomatic disease? The immune system is thought to play an important 
role. Antibodies directed to the proteins on the surface of C. difficile may protect against 
colonization. (4-6) On the other hand, antibodies directed to the toxins of C. difficile may 
protect against disease by neutralization of toxins. (7) By limiting the detrimental effects of 
the toxins on the gut epithelium, these latter antibodies may also add in a faster restoration 
of colonization resistance. (8) Besides the immune system, the gut microbiota seems to 
play an important role in the susceptibility for C. difficile colonization and infection. At the 
start of this thesis, only a few small studies had characterized the microbiota of patients 
with asymptomatic CDC. (9, 10) These studies and mouse study results suggested that 
colonization could be established in microbiota with a decreased species richness and 
decreased microbial diversity. The presence of specific bacterial taxa was thought to 
protect from progression to CDI. The paucity of available data on this topic made us decide 
to characterize the microbiota of colonized patients. In addition, we wanted to compare 
the microbiota of colonized patients with that of non-colonized patients and symptomatic 
CDI patients, to be able to identify which microbiota composition is associated with 
resistance or susceptibility to CDC and CDI. For this analysis, we used a subset of samples 
obtained during the CDD study (see CHAPTER 6): 41 samples from colonized patients 
and 43 samples from controls. The third group consisted of 41 samples of symptomatic 
CDI patients obtained for sentinel surveillance purposes. Gut microbiota composition in 
these three groups was determined using 16S rRNA gene amplicon sequencing of which 
the results are described in CHAPTER 5 of this thesis. Bacterial diversity was decreased 
both in CDC and CDI patients, but the microbiota composition in CDC patients differed 
from that in CDI patients. The genus Veillonella was more abundant in CDI patients, and 

_binnenwerk_monique_ kopie.indd   228_binnenwerk_monique_ kopie.indd   228 2-1-2024   11:57:322-1-2024   11:57:32



229

9

Su
m

m
ar

y 
an

d 
ge

ne
ra

l d
is

cu
ss

io
n

also found to be positively associated with C. difficile in colonized patients. Veillonella may 
therefore indicate susceptibility to colonization and infection by C. difficile. Eubacterium 
hallii and Fusicatenibacter were more abundant in control patients than in colonized 
patients. Also, Fusicatenibacter was negatively associated with C. difficile in CDI patients. 
Thus, Eubacterium hallii and Fusicatenibacter may indicate resistance against CDC and 
subsequent infection. In CHAPTER 5, we also speculated on the underlying mechanisms 
for these findings, i.e. the influence of these microbiota members on bile acid metabolism. 
Although we could not demonstrate causality in this study, the identification of these 
specific genera may be useful for future studies.

Another part of this thesis focuses on the implications of CDC. Prior to the start of my 
research, a number of studies had shown that a considerable part of new CDI cases could 
not be explained by transmission from other known CDI cases. (11, 12) In one study 29% of 
new CDI cases were associated with asymptomatic C. difficile carriers, although this may 
have been an overestimation as the typing method in this study (MLVA) may have been not 
discriminative enough. (13) However, the interest in other possible C. difficile reservoirs and 
specifically C. difficile colonized patients as the source for new CDI cases grew. Patients 
who are already colonized at hospital admission gained special interest as it was already 
known that these patients can introduce C. difficile into the hospital and transmit it to 
other patients. (14) In studies, rates of asymptomatic CDC among patients at hospital 
admission were reported to range from 3% to 21% (CHAPTER 2). Risk factors for CDC at 
hospital admission that were identified in these studies included recent hospitalization, 
chronic dialysis, corticosteroid/ immunosuppressant use, gastric acid suppressant use 
and antibodies against toxin B. (15-17) Apart from being a potential source for onwards 
transmission, several studies also pointed towards a higher risk for patients colonized by 
toxigenic strains to subsequently develop CDI. (18) In order to estimate the prevalence of 
CDC in the Netherlands and study onwards transmission from asymptomatic carriers, we 
designed the CDD study (Clostridoides difficile colonization study, Clostridioides difficile 
dragerschap studie in Dutch). We thought that this study would provide valuable information 
on CDC prevalence and C. difficile transmission in a setting where CDI is endemic with a 
stable CDI incidence and low prevalence of ‘hypervirulent’ strains. Result from the CDD 
study are described in CHAPTER 6 of this thesis. In this multicentre study, we were able to 
screen 2211 patients in 4 hospitals within 72hrs of hospital admission. We found that CDC 
was present in 4.9% (108/2211) of admissions, while colonization with toxigenic C. difficile 
strains (tCDC) was present in 3.1% (68/2211) of admissions. To evaluate the consequences 
of CDC, patient were followed up for progression to CDI. None of the colonized patients 
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developed CDI during admission or one-year follow-up (one-year follow-up available for 
38 colonized patients). In addition, isolates from patients colonized by toxigenic strains 
were compared with isolates from patients that were diagnosed with CDI during the study 
period. Core genome MLST (cgMLST) demonstrated no definite transmission from tCDC 
patients to CDI cases. Only one probable onwards transmission event from a CDC patient 
was detected as two patients with genetically identical strains shared a ward before the 
first patient was found to be colonized and the other was diagnosed with CDI. Moreover, 
the only transmission between multiple symptomatic patients detected by cgMLST was 
a PCR RT826 cluster that was already detected via sentinel surveillance. This unusual 
outbreak is described as an outbreak report in CHAPTER 7 of this thesis. The outbreak 
involved five patients, of whom two had recurrent disease. Clinical case investigations and 
microbiological analyses including whole genome sequencing showed that all episodes 
were due to clonal spread of a unique ribotype that was never recognized before. The 
newly identified ribotype was assigned PCR RT826. This new ribotype resembles the 
‘hypervirulent’ PCR RT078, belongs to clade 5 and carries all three toxin genes (tcdA, 
tcdB and binary toxin genes). No definitive source for this newly identified strain could be 
demonstrated. Yet, the absence of this ribotype in international databases of C. difficile 
strains found in humans and the observation that most ribotypes of clade 5 can also be 
found in animals (19), made us speculate that this newly identified ribotype might have 
derived from an animal source. Either the index patient, an undiagnosed CDI patient or 
an asymptomatic carrier might have introduced this strain into the ward, where it was 
further transmitted among susceptible patients. Since this outbreak, C. difficile PCR RT826 
has neither been found in sentinel surveillance samples or in outbreak studies in the 
Netherlands, indicating that rapid recognition and early implementation of additional 
infection control measures are important to prevent further spread within the hospital and 
to other healthcare facilities.

As discussed in CHAPTER 6, screening for CDC on admission like we performed in 
the CDD study was time-consuming and burdensome but did not detect patients that 
contributed to C. difficile epidemiology by progression to symptomatic CDI. At most one 
patient contributed to C. difficile epidemiology by onwards transmission. Therefore, we 
concluded that screening for CDC at hospital admission is of little value in an endemic 
setting with low prevalence of ‘hypervirulent’ ribotypes.

C. difficile transmission extends beyond the hospital and CDI is increasingly reported in 
the community (20, 21).
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Figure 1. Definitions for community-associated and healthcare-associated Clostridioides difficile 
infection (CDI).
Adopted from Kinross et al. (22)

In CHAPTER 8, we used data obtained for our national sentinel CDI surveillance program 
from 2012 to 2018 to analyse characteristics of CDI patients with community-onset of 
symptoms (CO-CDI) and subsequent hospitalization. CO-CDI can be community-associated 
or healthcare-associated (see Figure). (22) In total 2174/5405 (40.2%) of hospitalized patients 
with CDI had onset of their symptoms in the community. This proportion increased over 
the years. There was a delay in testing for CDI in community-onset episodes compared to 
hospital-onset episodes (median time between start of symptoms and CDI test four days 
vs one day, P < .001). PCR RT001 was more frequently found in patients with hospital-onset 
episodes, while RT023 was more frequently found in community-onset episodes. Although 
results from this study should be interpreted with caution as the design (i.e. only including 
patients with hospital-onset CDI or patients with CO-CDI who necessitated hospital 
admission) led to collider bias, we did demonstrate that CO-CDI episodes contribute 
considerably to the total CDI burden in hospitals as 6/7 surgeries, 27/50 ICU admissions and 
48/107 CDI-associated deaths were reported in community-onset episodes. Surveillance 
programs that also target non-hospitalized patients will give a better impression of the true 
burden of CDI inside and outside the hospital. Extending surveillance to the community 
may also provide valuable information about transmission patterns and shed new light on 
other C. difficile sources, including colonized patients.

Challenges in C. difficile colonization studies

When performing or interpreting studies on C. difficile colonization, several challenges are 
encountered, including diagnostic procedures, representativeness of study cohorts and 
duration of carriage.
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Diagnostic procedures

When studying CDC in humans, the first hurdle to overcome is to establish a correct 
diagnosis of CDC.

The various assays that are available for diagnosing CDI are also applied in studies where 
CDC is the condition of interest. Culture has been applied in studies investigating CDC, 
with or without determination of the toxin-producing potential of the recovered isolate (ie, 
toxigenic culture). As bacterial counts may be lower than in CDI, sensitive culture media 
should be used or a broth enrichment culture should be applied. (23) A major advantage 
of using culture is that recovered isolates can be used for (ribo)typing and transmission 
investigations. Nowadays most studies that do not focus on transmission patterns use 
NAAT as the assay of choice to detect CDC. NAAT has a good sensitivity and specificity 
compared to the gold standard toxigenic culture and is therefore a reasonable faster 
and less labor-intensive method. Most NAATs detect conserved regions within tcdB, and 
hence only toxigenic strains are detected. As both TC and NAAT detect the presence of 
a toxigenic C. difficile strain, the presence of diarrhea should be ruled out to be confident 
that these patients are not actual CDI patients.

Colonized patients are assumed to have toxin negative stools. Therefore, Tox A/B EIA and 
CCNA are an illogical choice if CDD is the condition of interest as these assays detect free 
toxins instead of the presence of the organisms. However, it is not always as clear-cut as 
that. In infants, a positive CCNA in the absence of clinical symptoms may be indicative of 
CDC as toxin presence does not always seem to correlate with clinical symptoms in this 
age group. (24) But also in adult patients with asymptomatic CDC, positive CCNA results 
can be found: in one study 30/77 rectal swabs from CDC patients tested positive by CCNA. 
(25) Despite these observations, there is still no rationale for the use of a Tox A/B EIA or 
CCNA in studies investigating CDD as has been previously done (26): although some 
colonized patients with a positive assay but absence of diarrhea can be diagnosed in this 
way, the majority of colonized patients will have no toxin production and will go unnoticed.
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Figure 2. Assays used for detection of C. difficile colonization and diagnosing C. difficile infection. 
The lower bars indicate which category of assays will give positive results in these three conditions.
CDI, Clostridoides difficile infection; CCNA, cell cytotoxicity neutralization assay; EIA, enzyme 
immunoassay; GDH, glutamate dehydrogenase; NAAT, nucleic acid amplification test; ntCDC, C. 
difficile colonization with a non-toxigenic strain, TC, toxigenic culture; tCDC, C. difficile colonization 
with a toxigenic strain.

In many studies investigating CDC rectal or even perirectal swabs are used instead of stool 
samples. The use of (peri)rectal swabs has the advantage of obtaining samples in a timely 
manner without the need to wait for bowel movements. As testing for CDC in studies is often 
performed as part of a screening program timely results are needed, especially if isolation 
precautions are imposed on colonized patients. (27) Several studies have demonstrated 
acceptable sensitivity when culture (28, 29), or NAAT (30-32) are performed on (peri)rectal 
swabs. Swabs in these studies were however taken from symptomatic patients or even 
swabbed from C. difficile positive stool samples. As the mean density of C. difficile in stool 
sof asymptomatic carriers has been reported to be 100-fold lower than for CDI patients, 
perirectal swabs might be less suitable for detecting CDC. (33) In a screening study in 
asymptomatic patients, NAAT on perirectal swabs was shown to have a positive predictive 
value of 75.2% compared to toxigenic culture on the same perirectal swabs, with part of 
the NAAT positive toxigenic culture negative results explained by the receipt of C. difficile 
inhibitory antimicrobials. (34) An alternative method to enhance C. difficile detection from 
perirectal swabs in low density samples is an enrichment broth prior to NAAT testing. (35) 
Compared to toxigenic culture from stool samples, sensitivity and specificity for this test 
method from perirectal swabs were 100% and 99.1% respectively. (35) At the moment, large 
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studies that compare direct NAAT or TC on perirectal swabs versus on stool samples in 
asymptomatic patients are lacking. In many studies, the advantages of rapid and more 
complete sampling by the use of (peri)rectal swabs will outweigh the drawback of their 
possible suboptimal sensitivity. Choices for testing methods will therefore merely depend 
on study aims and resources, but when appraising the literature it is important to be aware 
of these limitations. Of note, the procedure for taking rectal swabs is often not specified 
in studies which makes it even more difficult to interpret if true rectal swabs (e.g., placing 
the swab into the rectum, rotating and removing the swab) or (non-invasive) perirectal 
swabs were taken.

In studies comparing infected with colonized patients, reliance on NAAT testing could 
unintentionally deplete the colonized group of less healthy subjects. In these studies, 
the absence of diarrhea is often a prerequisite for being classified as colonized instead 
of infected. However, CDC patients may very well develop diarrhea due to non-CDI 
reasons and excluding these patients from the colonized group may affect microbiota 
and epidemiological studies.

When estimating the risk for colonized patients to progress to CDI, a correct diagnosis 
of CDI is also essential. Although diagnostic guidelines have been published (CHAPTER 
3) (36), recommended CDI testing algorithms are frequently not in place, neither in daily 
practice nor in studies. Data from ECDC CDI surveillance show that in 2016, ESCMID 
recommended algorithms were not used in 28.5% of surveillance periods in participating 
hospitals (ECDC 2018). In the Netherlands, most recent data show that 41% of hospitals 
participating in national CDI surveillance do not use an ESCMID recommended algorithm; 
36% of hospitals relied on stand-alone NAAT. (37) Also in studies, reliance on stand-
alone NAAT testing is common, although large studies have shown that NAAT positivity 
(ie without toxin positivity) does not correlate with clinical outcome and is therefore not 
indicative of true CDI. (2, 38) Although low cycle threshold (CT) values by NAAT testing 
could indicate toxin positive patients, toxin testing is still needed due to the suboptimal 
specificity of this approach (CHAPTER 4). (39) Refraining from free toxin testing can 
introduce misclassification of colonized patients as CDI and can inflate incidence rates. 
This has been shown in the LUCID study in which CDI testing policies across 60 hospitals 
in three European countries (UK, France, Italy) were investigated (40). In hospitals that used 
methods that do not detect free toxin, mean CDI positivity rates were 2.5-fold higher than 
in hospitals using a recommended algorithm for CDI testing. Annual CDI incidence rates 
were also significantly higher: 5.2/10,000 patient-days in hospitals not detecting toxin 
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versus 2.0/10,000 patient-days in hospitals using a recommended algorithm. (40) When 
CDC patients are monitored for development of subsequent CDI, omitting free toxin testing 
in case of suspected CDI may very well overestimate the risk to develop CDI. Still, several 
studies using NAAT or toxigenic culture for detection of CDC permit a positive result with 
the same assay to be diagnostic for CDI once the patient develops diarrhea. (41-43) For 
example, in the study by Blixt and colleagues in which 3605 patients were screened for 
CDC on admission, a high risk of developing CDI during hospitalization was found for 
patients colonized by toxigenic C. difficile (9.4% versus 2.3% in non-colonized patients). (43) 
However, both C. difficile colonization and infection were based on a positive NAAT, with 
the only difference the absence or presence of diarrhea at moment of testing. Studies that 
omit free toxin testing for CDI diagnosis mostly require that other reasonable explanations 
for diarrhea are absent before considering diarrhea due to C. difficile, but clinical judgment 
can be burdensome especially in situations where there is a high chance of developing 
diarrhea. In a study performed in an ICU setting, CDC at ICU admission was associated 
with a strongly increased risk for development of CDI (relative risk 10.3 compared to non-
colonized patients), but as both CDC and CDI were based on NAAT testing, there is a 
chance that these figures are inflated due to the many other reasons for diarrhea in the 
ICU setting, which were probably not apparent. (44)

Given the above, it is clear that the wide range of available assays and testing strategies 
induce heterogeneity between studies. Interpreting study results therefore should always 
include a thorough assessment of methods used to diagnose CDC (and CDI). The above 
also highlights that not only CDI diagnosis should be based on laboratory assays in 
combination with clinical symptoms, but that the same holds for CDC diagnosis. Studies that 
are not only based on laboratory data but also include clinical evaluation have added value.

Representativeness of study cohorts

Collecting fecal samples for studies on CDC can be burdensome. In our CDD study 
(CHAPTER 6), over 5000 patients agreed to participate in the study, but we only received 
stool samples in 42% of them. Similar figures are reported in other studies that tried to 
obtain stool samples at hospital admission: a UK and US study managed to obtain samples 
in 132/227 (58%) and 320/729 (43%) of consenting patients, respectively. (15, 16) These 
suboptimal collection rates may impact the representativeness of study cohorts. In the 
US study by Leekha, patients who submitted a stool sample were older and had more 
often a history of recent hospitalization, antibiotic use or residency in a long-term care 
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facility. (16) On the other hand, in the study by Eyre, age was not different among patients 
who did or did not submit a stool sample, but patients who did submit stool samples more 
often had loose stools, a non-hematological malignancy or use of gastric acid suppressant 
medication. (15) To be less dependent on participants’ bowel habits, the use of rectal swabs 
has been applied in several studies. In a large Canadian study investigating colonization 
on admission, rectal swabs were used in case no stool sample could be obtained. (17) With 
this approach, they were able to collect a sample from 5232/5422 (96%) of consenting 
subjects. Although this rate is significantly higher than in studies collecting stool samples, 
only 5422/9502 (57%) of eligible patients agreed to participate in the study. If this was due 
to the invasive character of the rectal swab procedure or venipuncture that was scheduled 
on the day of admission, remains speculative.

Moreover, a greater or smaller subset of patients of interest is classified ineligible depending 
on the exclusion criteria of the specific study. For example, patients admitted for palliative 
care or with hemodynamic instability are generally excluded. In studies using rectal swabs, 
additional exclusion criteria like neutropenia or thrombocytopenia are often applied. In 
most studies, patients with an anticipated short hospital stay are excluded, although 
definitions of short stay may range from 24 hours to 5 days. (27, 45) Given the subset of 
patients deemed ineligible and the difficulties in obtaining consent for rectal swabs or 
obtaining stool samples, one should consider that in most studies only a small proportion of 
patients on hospital admission are included in the final study cohort. In the aforementioned 
Canadian and US study, 5232/12304 (43%) and 320/1464 (22%) of newly admitted patients 
were finally included, respectively. (16, 17) Colonization rates may be influenced by this 
selection, although the magnitude remains unclear. Except from a possible effect on 
colonization rates, suboptimal inclusion rates may hamper the interpretation of studies that 
are investigating transmission patterns. In studies that investigate onwards transmission 
from colonized to symptomatic patients, new C. difficile introductions into the ward will 
be missed if not all newly admitted patients can be screened on admission. Hence, the 
contribution of colonized patients to C. difficile epidemiology may be underestimated.

The difficulties in obtaining consent and samples can be overcome if C. difficile screening 
can be implemented in another obligatory screening program. This was done in one study 
where patients undergoing VRE surveillance testing were also screened for C. difficile. (13) 
The drawback of this approach, however, is that screening was only performed in patients 
with known risk factors for VRE -which may not be the same for C. difficile- i.e., if admitted 
from another healthcare facility or if admitted to the ICU. In 2013, an intervention consisting 
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of detecting and isolating of CDC patients was endorsed in the Quebec Heart and Lung 
Institute in Quebec in response to high healthcare-associated CDI incidence rates. (27) 
Patients admitted directly to the ward or with an anticipated stay <24hrs were ineligible 
due to logistical reasons. Aside from these patients, 7599/8218 (93%) of eligible patients 
could be screened during the intervention. Although a comparable approach seems the 
most promising to achieve high inclusion rates, implementing such a program for study 
purposes cannot be justified in most situations.

Apart from the low inclusion rates encountered in most studies, another issue that may 
impact the representativeness of the results is the in- or exclusion of patients with previous 
CDI. In- or exclusion criteria for patients with previous CDI differ between studies and this 
may effect representativeness and induce heterogeneity between studies. These differing 
criteria may very well impact colonization rates and the risk for patients to progress to CDI 
among studies, as patients with previous CDI do shed spores for prolonged times and are 
at risk for developing recurrent CDI. (46, 47)

In the CDD study (CHAPTER 6), we also encountered the difficulties in obtaining samples. 
For example, we decided not to exclude patients with an anticipated short hospital stay 
as our goal was to estimate the total number of colonized patients at admission and to 
include all isolates that could be transmitted to other patients. However, our attempt to 
enroll all these patients was not successful as many patients were already discharged 
before a stool sample could be obtained. We therefore think that our work cannot be 
used to make definitive conclusions on the precise contribution of colonized patients in 
C. difficile epidemiology in our setting. We do think however, that we demonstrated that 
C. difficile screening in an endemic situation like ours does not detect a significant amount 
of introductions of C. difficile in the ward that are the source for new C. difficile infections.

Duration of carriage and study design

CDC is not a static condition, instead studies have shown that colonization is often lost 
without targeted interventions. (45, 48) Also, a surveillance study in healthy subjects in the 
community showed that among those subjects who remained C. difficile positive, this was 
often not due to retainment of the same strain. (49)

In fact, the detection of C. difficile in stools may not even imply true colonization, but may 
also be indicative of pass-through of the bacterium without it establishing true colonization. 
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In an experimental study, administration of a suspension of non-toxigenic C. difficile spores 
after oral vancomycin pretreatment led to persistent CDC in 44% of healthy volunteers 14-21 
days after the last dose of spores. (50) However, C. difficile was also temporarily found 
in stools of patients who were not pretreated with oral vancomycin 2 days after their last 
dose but not beyond, indicating transient pass-through of ingested C. difficile rather than 
colonization in this group. Or, alternatively, these patients without antibiotic pretreatment 
did develop less intense colonization below the threshold of detection. As most studies 
accept a single C. difficile positive sample diagnostic of CDC, the group of CDC patients in 
most studies constitutes a heterogenic population of patients with colonization, transient 
carriage and pass-through. This has implications when risk factors for CDC are investigated, 
as risk factors for truly colonized patients may very well differ from risk factors for patients 
with pass-through – who might not have risk factors at all.

Also, when appraising the risk of colonized patients to progress to CDI, the case-mix of 
patients in studies may impact the perceived risk as patients with transient CDC might have 
another risk for progression than patients with longstanding CDC.

For transmission studies, this heterogeneity of the study population is probably less 
important. When studying introductions of C. difficile strains into the hospital environment 
and their onward transmission, the total burden of patients carrying C. difficile at that 
moment should be included, as all these patients contribute to the shedding of spores. 
However, infection pressure will depend on the duration of colonization and subsequent 
shedding of spores, too.

C. difficile colonization revisited

Data from this thesis will be combined with recent literature to elaborate on the role of C. 
difficile colonization in the epidemiology of C. difficile.

Role of colonized patients in C. difficile epidemiology: progression to 
CDI

Previous studies have shown that patients colonized by toxigenic strains on hospital 
admission have a higher risk to progress to CDI during admission, with a pooled 5.9-times 
higher risk than non-colonized patients. (18) In a recent large study on this topic 19112 
patients were screened for CDC on admission (as part of a C. difficile admission screening 
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and isolation program) and development of CDI during or after discharge was retrieved 
for all colonized patients. (51) In total 7.6% of 513 colonized patients developed CDI during 
hospital stay (median onset of symptoms 4 days after admission), and an additional 3.6% 
of patients who did not develop CDI during admission eventually developed CDI after 
admission. Another large study in which 3605 patients were screened on admission also 
found that patients with tCDC were at a higher risk of developing CDI: 20/213 (9.4%) patients 
with tCDC versus 76/3251 (2.3%) of non-colonized patients developed CDI. (43)

In our study, we could not confirm this high risk for tCDC patiens to develop CDI. This could 
be due to the fact that we were only able to include a limited number of colonized patients. 
However, differences in study setting may also impact the risk of colonized patients to 
progress to CDI and should be considered here.

In contrast to the two large studies mentioned before, our study was performed in a 
setting with a low CDI incidence overall, and more specifically a low PCR RT027 incidence: 
during the study, this ribotype was not found among infected or colonized patients. In the 
context of high PCR RT027 infection rates, colonization rates by this ribotype appear to 
be increased, too. (33, 52) Patients who acquire C. difficile PCR RT027 during admission 
will more often develop symptomatic CDI than remain asymptomatically colonized. (52), 
indicating that the virulence of the acquired strain can affect the likelihood to develop 
colonization or infection. If this also implies that once colonized with PCR RT027 there is 
still a higher chance to progress to CDI is unclear. However, as RT027 is often acquired 
during hospital admission (52, 53), patients colonized by PCR RT027 may represent a 
subgroup of patients with recent acquisition of this strain during a previous admission. 
Recent acquisition of C. difficile in itself was shown to be more strongly associated with 
development of CDI than pre-existing colonization. (54)

In our study, patients were only enrolled from regular medical and surgical wards; intensive 
care units or bone marrow transplant units were not included. On these latter wards, 
several risk factors that were found to increase the risk to progress to CDI may be more 
prevalent, including increasing length of stay, exposure to multiple classes of antibiotics, 
use of opioids and cirrhosis. (51) Overrepresentation of these risk factors may explain the 
high risk of progression to CDI in these studies. However, the fact that a substantial part 
of patients admitted to these wards will eventually develop diarrhea during the course of 
admission (often due to a variety of causes other than CDI) may also interfere with assessing 
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progression to CDI and may have inflated numbers, especially if less specific methods to 
diagnose CDI are used.

From the above we can speculate that colonization with toxigenic C. difficile poses patients 
at a higher risk to progress to CDI if certain factors are present. These factors might either 
be pathogen factors like the virulence of the acquired strain (i.e. PCR RT027) or host factors 
like microbial perturbation through use of antibiotics.

Role of C. difficile colonized patients: onwards transmission

Skin and environmental contamination with C. difficile spores is frequently found in 
asymptomatic carriers. (33) Therefore, onwards transmission from these asymptomatic 
patients might occur, but the importance of this transmission route is also very likely 
to depend on the setting. In the CDD study – although hampered by methodological 
constraints as explained before- colonized patients did not seem to play an important role 
in onwards transmission. This finding contrasts with studies where 6% to 29% of new CDI 
cases could be linked to asymptomatic carriers (13, 55), or where the amount of exposure 
to colonized patients correlated with the risk to develop CDI. (43)

From the literature, it is known that different C. difficile ribotypes have different modes 
of transmission. Within hospitals, PCR RT027 strains of CDI patients are often clonal or 
genetically related indicating higher levels of in-hospital transmissibility. (56) Onwards 
transmission from colonized to infected patients was also found to be frequently due to PCR 
RT027. (55, 57) This may be explained by a higher transmissibility of this strain due to more 
profuse shedding and more effective persistence of spores in the hospital environment. 
(58) Alternatively, the observed increased onwards transmission for this strain may be 
explained by the fact that patients who acquire this strain more often develop symptoms, 
thereby increasing detection.

In situations where infection pressure due to PCR RT027 diminishes, one might imagine that 
other transmission patterns become more important, like transmission from patients who 
are colonized on admission with non-healthcare-associated strains. In our endemic setting, 
patients on hospital admission were colonized with a variety of C. difficile strains, indicating 
diverse reservoirs. However, onwards transmission from these colonized patients was not 
detected. Possibly, these strains may less often be transmitted or may not (directly) lead 
to symptoms once transmitted. When diarrhea develops after discharge, CDI may not be 
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captured as patients might refrain from consulting their general practitioner or may not be 
tested for CDI in the community setting. (59) Alternatively, our study observation may be 
due to incomplete sampling of admitted patients in combination with the low transmission 
rate for a single asymptomatic carrier. (15, 60)

When putting the above in perspective, we acknowledge that colonized patients can 
be a source for onwards C. difficile transmission especially when ribotypes with higher 
transmissibility are prevalent among colonized patients. In the setting with high PCR 
RT027 rates, studies have however shown that symptomatic patients still contribute more 
to transmission than colonized patients. (55) If this is also true for settings with lower PCR 
RT027 rates needs to be elucidated. A study performed in a setting with a low PCR RT027 
rate demonstrated that new CDI cases were three times more likely to be acquired from 
a previous CDI case than from a colonized but fecal toxin-negative patient with diarrhea. 
(61) Due to the design of the study, asymptomatically colonized patients (i.e. without 
diarrhea) were not included. Interestingly, the overall proportion of new cases that could 
be explained by transmission from CDI patients or colonized diarrheal patients was low in 
this setting: only 4% of new CDI cases were genetically related and shared the same ward 
simultaneously or within 28 days. Although it is not known to what extent transmission from 
colonized patients could explain new CDI cases, suggesting that asymptomatic carriers 
accounted for the remaining 96% of new CDI cases would be overstated. Hence, based on 
this study and from our own experience, we assume that in endemic settings sources other 
than direct contact with CDI patients or asymptomatic carriers may also play an important 
role. One of the most important sources could be the hospital environment. For PCR RT027, 
it was shown that transmission is even more often transmitted via ward contamination (66%) 
than via direct donor-recipient contact (34%). (58) Colonized patients can contaminate their 
hospital environment without directly transmitting C. difficile to another patient and spores 
can persist for prolonged times. Direct onward transmission will not be detected, but this is 
still an important route in which colonized patients can contribute to C. difficile transmission.

Screening for CDC and isolation of C. difficile colonized patients

At the moment, infection control measures focus on symptomatic cases only. Guidelines 
on infection prevention in C. difficile do not include colonized patients (62), or mention 
that there are insufficient data to (a) recommend screening for asymptomatic colonization 
and (b) placing colonized asymptomatic patients on contact precautions. (63) Patients in 
the community can acquire C. difficile from a diverse reservoirs, including (but not limited 
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to) food, humans, animals and soil. When these colonized patients are admitted to the 
hospital, they introduce these diverse C. difficile strains into the hospital environment. 
Spores of C. difficile can persist in the hospital environment for long times and are difficult 
to kill. (64) Therefore, there seems to be a rationale for screening and isolating colonized 
patients at admission to prevent further spread of their persistent C. difficile spores into 
the hospital environment.

The most well-known example of a C. difficile screening program comes from a Canadian 
tertiary hospital. In this hospital, screening for CDC and isolation of colonized patients 
has been performed in response to high endemic CDI incidence rates. (27) All patients 
admitted through the emergency department were screened for CDC on admission using 
rectal swabs. Patients identified as colonized were placed under infection control measures 
resembling those for CDI. A significant decline in healthcare-associated CDI and infections 
due to PCR RT027 was noted after implementation of this strategy.

With the identification of risk factors for CDC on admission, screening may also be targeted 
to high risk groups only, making this approach less labor- and cost intensive. Previous 
hospitalization, gastric acid suppression, tube feeding, and corticosteroid use were 
identified as independent predictors of CDC in a recent meta-analysis (65), but risk factors 
for community-onset colonization (i.e. being colonized at hospital admission) were not 
separated from risk factors for hospital acquired colonization, though only the former are 
of interest for an admission screening program. Also, a distinction between colonization by 
toxigenic versus non-toxigenic strains was not made. Only a few studies have specifically 
investigated risk factors for tCDC on admission and reported recent hospitalization, chronic 
dialysis, corticosteroid use (16), older age, higher frailty scores (66), higher number of 
comorbidities, female sex and residential proximity to livestock farms as independent 
risk factors. (67) Risk factors for tCDC on admission will however largely depend on the 
community surrounding the hospital and case-mix of patients that are admitted. Knowledge 
of these specific risk factors may enable institutions to tailor screening to risk groups in 
their hospitals. This approach was applied in four US hospitals where admission screening 
for C. difficile was performed as an infection control initiative. (68) Only patients who had 
been previously hospitalized within two months, and/or had a history of CDI, and/or were 
in a long-term care facility in the prior six months were screened for tCDC on admission 
using perirectal swabs. Based on a pilot study in one of the participating hospitals the 
authors anticipated that they would detect 78% of all colonized patients while only testing 
30% of admissions. Colonized patients were placed under infection control measures. A 
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statistically significant decline in hospital-onset CDI rates in these hospital was noted after 
implementation of this screening program. (68)

However, a major shortcoming of studies investigating C. difficile screening programs is that 
these do not show how the decrease in CDI incidence rates was achieved. (69) In these 
studies, isolates from CDI patients and colonized patients have not been investigated by 
whole genome sequencing or another discriminative typing method to determine their 
relatedness. Also, the numbers of colonized patients progressing from colonization to CDI 
have not been reported. Therefore, it is unclear if decreasing CDI incidence rates were due 
to (1 ) less progression from colonization to symptomatic CDI, (2 ) less onwards transmission 
from colonized patients, or (3 ) less transmission from known CDI cases. (Figure 3) As 
colonization status was disclosed to treating physicians, they might have restricted antibiotic 
use in colonized patients to decrease the chance of progression to CDI. Also, compliance 
with infection control measures may have increased as a result of an increased awareness 
associated with the introduction of the screening program, thereby diminishing spread from 
CDI patients. In the study by Longtin, an increased hand hygiene compliance was reported 
during the intervention period (suggesting that this but probably also other unmeasured 
confounders may have contributed to the decline in CDI rates). (27) It is crucial to understand 
which mechanisms led to the decrease in CDI incidence rates and decrease in NAP1/027 
cases, especially to determine if CDC patients really need to be isolated, or whether increased 
awareness or only identifying CDC patients (but not isolating them) may suffice. The usefulness 
of a screening and isolation program will also largely depend on the epidemic setting. As 
discussed before, we did not detect colonized patients to be an important source for onwards 
C. difficile transmission in an endemic setting. (CHAPTER 6) Screening and isolation of 
colonized patients in an endemic setting may however still (indirectly) affect CDI incidence 
rates if less contamination of the hospital environment leads to less C. difficile acquisition and 
development of CDI in vulnerable patients. However, the question is if interventions intended 
to reduce transmission within hospitals are the most important in reducing CDI incidence rates. 
Two large multicentre studies have shown disappointing results from enhanced environmental 
disinfection on CDI incidence rates (70-72), despite a decreased recovery of C. difficile from 
high-touch surfaces in CDI rooms. (72) Even more, the believe in contact precautions for CDI 
patients as an important tool in CDI prevention may not always be justified. In a Swiss hospital 
with endemic CDI rates and a low proportion of hypervirulent ribotypes, contact precautions 
for CDI patients who were not severely incontinent were discontinued, except for the use of 
dedicated toilets. (73) Only two proven C. difficile transmission events were identified over a 
decade of experience in this hospital.
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Figure 3. Mechanisms that may lead to a decrease in CDI incidence rates after implementation of 
screening for C. difficile colonization and isolation of colonized patients.
CDI, Clostridoides difficile infection

Detecting colonized patients may still aid in lowering CDI incidence rates, if targeted 
interventions for this group other than isolation precautions may decrease CDI incidence 
rates. This intervention may consist of antimicrobial stewardship programs (ASPs) focused 
specifically on colonized patients. ASPs that reduce inappropriate antimicrobials use are 
effective in reducing rates of CDI, especially in geriatric settings. (74) However, ASPs 
targeted at CDC patients only have not been studied. A subset of colonized patients 
is comprised of patients with previous CDI who remained colonized afterwards. These 
patients are known to be at a higher risk for (recurrent) CDI when treated with antibiotics. 
(75) ASPs focused specifically on these patients may thus be effective. However, another 
subset of colonized patients comprises patients who are long-term colonized, and who may 
not have a high risk to progress to CDI. Therefore, ASPs targeted on colonized patients as a 
whole group may not be effective. Of note, recent acquisition of C. difficile has been shown 
to be a risk factor for CDI. (54) Shifting the focus of ASPs to colonized patients only may 
therefore lead to unsatisfactory results, as non-colonized patients who acquire C. difficile 
during admission are not targeted by these programs, while indeed these patients may 
be at an increased risk to develop CDI. Other strategies that are currently investigated as 
prophylactic interventions for prevention of C. difficile infection in at-risk patients might also 
be suitable to prevent CDI progression in colonized patients, for example a toxin-based 
C. difficile vaccine (phase III CLOVER trial, NCT03090191, study completed December 
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2021, results awaited). If microbiota-based interventions like FMT capsules during antibiotic 
treatment or agents that bind and inactivate concomitantly administered antibiotics (such as 
ribaxamase and DAV-132), are also helpful in already colonized patients has to be awaited.

Apart from the fact that the relevance and mode of action of screening programs needs 
to be established better among different situations, there are also some unintended 
consequences of a screening and isolation program that need to be taken into account.

Implementing a screening and isolation program will lead to more patients cared for 
under contact precautions, with adverse outcomes like less patient- healthcare worker 
contact and a decreased patient satisfaction with care. (76) Also, the knowledge of CDC 
status may urge physicians to treat colonized patients with antibiotics once they develop 
diarrhea, despite the fact that diarrhea can be due to a variety of other causes. Treatment 
of colonized patients may however be more harmful than beneficial. Already in 1992, it 
was discovered that vancomycin treatment of colonized patients was temporarily effective, 
but also associated with a significantly higher rate of C. difficile carriage two months after 
treatment compared to placebo treated carriers. (48) In a recent small trial, NAAT-positive, 
toxin enzyme immunoassay (EIA)-negative patients were randomized to oral vancomycin 
or placebo. Oral vancomycin did not result in long-term clearance of C. difficile, but did 
disturb the microbiota, and was associated with colonization/shedding of vancomycin-
resistant enterococci. (77)

In conclusion, reports have demonstrated decreases in CDI rates after implementation of 
screening and isolation of CDC patients. However, these reports did not show how this 
decrease was achieved. Also, the generalizability to endemic settings has not been shown. 
Although detection of colonized patients may also enable ASPs focused specifically on 
colonized patients, this approach has not been studied yet, and may in fact be less effective 
than universal ASPs. Given these limitations and the possible adverse consequences of a 
screening and isolation program, screening for asymptomatic CDC at hospital admission 
should not be implemented in routine care.

Instead, we should accept that C. difficile is abundant both in the hospital environment and 
the community setting, and can be acquired easily. In my opinion, it is better to focus on 
decreasing CDI susceptibility (e.g. by general ASPs) while complying with general infection 
prevention measures to prevent further spread from C. difficile, especially in settings with 
many susceptible patients like healthcare facilities.
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Future Perspectives

In this paragraph, I will use the data from this thesis and the literature to elaborate on:
• Future CDI surveillance
• Disturbed microbiota: associated diseases and drug efficacy
• Microbiota modulating interventions

Future CDI surveillance

In this thesis, we have mainly discussed the role of colonized patients in epidemiology of 
CDI in the hospital. We have concluded that in an endemic setting, focusing on colonized 
patients will not have a major impact on CDI incidence rates. Should we then focus 
on other sources for C. difficile acquisition? Many C. difficile reservoirs exist, including 
domestic animals, farm animals, wild animals, food, water and soil. Previously undetected 
ribotypes can still emerge from these reservoirs, including more virulent strains or strains 
with higher transmissibility. Once a patient introduces such a C. difficile strain into the 
hospital, it may be detected through the observation of higher CDI incidence rates or 
suspected transmission events. The PCR RT826 cluster that we detected in our multicenter 
study is a good example of this and confirms the importance of sentinel CDI surveillance 
(supplemented with molecular typing in case of suspected transmission events). However, 
as sentinel surveillance is restricted to the hospital and CDI awareness in the community 
is still limited (59), CDI cases and even clusters of CDI cases in the community may be 
overlooked. This is problematic when studying transmission, as exposure to most C. difficile 
reservoirs (like animals, soil and food) occurs in the community. If transmission events 
close to the source are not detected, tracing back the source and transmission route 
once that specific strain is introduced into the hospital is almost impossible. Extending 
C. difficile surveillance to the community setting might enable detection of transmission 
within the community and possibly point to specific sources. However, the usefulness of a 
surveillance program in the community will depend on the capture rate of all CDI events. 
As most patients do not consult their general physician for short-term diarrhea and testing 
for pathogens in patients with diarrhea for less than 10 days or who are not severely ill 
is discouraged in The Netherlands (NHG standaard acute diarree 2014), we suspect that 
only a minority of CDI cases will be detected. Hence, suboptimal tracking of C. difficile 
transmission would occur thereby limiting the yield of a community surveillance program. 
Thus, we should settle for the second-best option of continuing surveillance in healthcare 
settings to detect increases in CDI incidence rates, clusters or outbreaks. In unforeseen 
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events, like community-acquired CDI with ‘hypervirulent’ or new ribotypes, additional 
investigations should be performed to evaluate potential transmission in the community 
or detect potential community sources.

Disturbed microbiota: associated diseases and drug efficacy

In this thesis we have previously focused on the risk for colonized patients to develop CDI, 
but what other consequences does colonization have for the involved individual? In this 
paragraph we will focus on conditions that are associated with a disturbed microbiota and 
on drugs whose efficacy may depend on the gut microbiota composition.

CDI is the textbook example of a disease that is caused by a disturbed microbiota. The 
overall microbiota composition of colonized patients differs from that of patients with 
symptomatic CDI, but it is also characterized by a decreased species richness and 
decreased microbial diversity compared to non-colonized patients or healthy controls. 
(9) (CHAPTER 5) I therefore believe that the presence of CDC can be regarded as an 
indicator of a certain degree of a disturbed microbiota. In addition, colonization in itself may 
possibly further disturb the microbiota, as was demonstrated using an in vitro model. (78) 
In this model, co-cultivation of C. difficile strains with fecal microbiota led to a decrease in 
richness and diversity, with a more pronounced effect in already disturbed microbiota. (78) 
‘Gut dysbiosis’ has gained a lot of attention during the last decade, and was reported to 
be associated with intestinal disorders like inflammatory bowel disease and irritable bowel 
syndrome and the development of colorectal cancer. (79-82) Moreover, ‘gut dysbiosis’ 
is thought to exert effects beyond the gut, for example by influencing the risk factors for 
metabolic syndrome. (83) In addition, neurological diseases like Parkinson’s disease and 
multiple sclerosis and psychiatric disorders are thought to be linked to ‘gut dysbiosis’ via the 
so-called hypothetical gut-brain axis. (84, 85) Although the causal direction of association 
between a disturbed microbiota and disease cannot be derived from observational studies 
in humans, animal models suggest that the microbiota is truly involved in pathogenesis of 
most of above mentioned conditions. (86) Assuming that a disturbed microbiota actually 
has a role in pathophysiology, one might wonder if patients with CDC are more prone 
to develop other ‘dysbiosis’ associated conditions, as they already have a disturbed 
microbiota. However, the exact microbiota changes will determine which conditions 
might be associated. A very typical example of this is the possible association between 
colibactin-producing E. coli and colorectal carcinogenesis. Colibactin-producing E. coli, 
also known as polyketide synthase-positive (pks+) E. coli are suspected to contribute to 
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colorectal carcinogenesis by the production of the genotoxin colibactin which induces 
double-strand DNA breaks. These pks+ E. coli are abundant in patients with recurrent CDI 
(87), but it is still unknown if this also holds for CDC patients.

Besides playing a possible role in the pathophysiology of certain diseases, the microbiota 
can also play a role in the effectiveness of certain drugs, for example by providing the 
required metabolism, such as for lactulose. (88) Another important illustration of altered 
drug efficacy is the potential influence of gut microbiota composition on anticancer activity 
of checkpoint inhibitors. Checkpoint inhibitors are immunomodulators that have dramatically 
changed the therapeutic landscape in several cancer types during the last decade. 
Checkpoint inhibitors work by blocking inhibitory checkpoints (e.g. programmed cell death-
1 or programmed cell death ligand-1) thereby promoting immune-mediated elimination 
of tumor cells. Studies have shown that recent antibiotic use before starting checkpoint 
inhibitor therapy is associated with decreased progression free survival and overall survival 
(89-92), indicating that antibiotic induced disturbances modulate the immune response 
and dampen the effect of checkpoint inhibitors. Evidence for a causal relationship comes 
from studies in tumor bearing germ free mice: fecal microbiome transplantation (FMT) 
demonstrated that mice transplanted with stool from patients responding to checkpoint 
inhibitors had significantly reduced tumor growth compared to those transplanted with stool 
from patients who were non-responders. (93, 94) Recently, studies have been undertaken 
to evaluate which gut microbiota members are associated with clinical response in patients 
treated with checkpoint inhibitors. Although variable results were obtained, some bacterial 
species including Akkermansia muciniphilia and Ruminococcaceae were repeatedly 
found to be associated with favorable outcomes. (95) Given the disturbed gut microbiota 
composition and lower bacterial diversity in CDC patients, it would be interesting to assess 
if these patients represent a group that is at risk for decreased effectiveness of checkpoint 
inhibitors.

Microbiota modulating interventions

The evident association of CDI with a perturbed gut microbiota prompts the question 
if actions to restore the gut microbiota could be beneficial prior to the development of 
overt disease. One method to restore the perturbed microbiota in CDC subjects could 
be fecal microbiota transplantation (FMT), i.e. the transfer of faecal material from a healthy 
donor to the colonized subject. At the moment, FMT is well-known for its high efficacy in 
the treatment of recurrent CDI (rCDI). (96, 97) Administration of stools of healthy donors 
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results in a dramatic increase in microbiota diversity and resolution of symptoms in the 
majority of these patients, with reported success rates of more than 90%. (98). A drawback 
of FMT is the potential transfer of multidrug resistant bacteria, procarcinogenic bacteria 
and unrecognized pathogens. Therefore, there is a need for live biotherapeutic products, 
which are standardized and reproducible agents composed of defined consortia of isolated 
microbial strains. However, development of an effective live biotherapeutic product to 
replace FMT is not straightforward as not all mechanisms underlying the efficacy of FMT 
are well known. Although reconstitution of a robust and diverse gut microbiota is thought 
to explain at least part of the success of FMT, other components of the donor stool infusion 
like bacteriophages, metabolites and small molecules may also contribute to its effect. 
(99) Of note, the administration of simply a variety of bacterial strains without complete 
understanding of their function may have unanticipated adverse effects, as was reported 
in some studies on probiotics. (100, 101) At the moment, two live biotherapeutic products, 
RBX2660 and SER109, have been investigated in phase III trials for use in patients with 
recurrent CDI who had resolution of symptoms after treatment with standard-of-care 
antibiotics. Subsequent administration of the live biotherapeutic product reduced the 
risk of recurrence compared to placebo. (102, 103) Another live biotherapeutic product 
containing eight Clostridia strains was shown to be safe and well-tolerated and able to 
colonize the gut of healthy volunteers in a phase 1a/b study, but studies on efficacy have 
to be awaited. (104) In the future, these products may become an alternative for FMT 
in the treatment of rCDI. Yet, it is unclear if FMT is able to protect colonized patients 
from progression to CDI. The existence of patients with persistent colonization suggest 
that these patients’ microbiomes are already less permissive towards CDI. Further 
elucidation of the gut microbiota composition and associated metabolic characteristics 
in preferably persistent carriers may be used to more specifically develop probiotic or 
prebiotic therapeutics against (progression to) CDI. A recent study compared not only the 
gut microbiota but also the gut metabolome of CDI patients and colonized subjects. (105) 
Compared to CDI patients, colonized patients’ microbiota was enriched with species in 
the class Clostridia and their metabolomes were enriched with the carbohydrates sucrose, 
rhamnose and lactulose, which are non-utilizable by C. difficile. Therefore, they concluded 
that carbohydrate metabolism by other commensal Clostridia may prevent CDI by inhibiting 
C. difficile proliferation. (105) Hypothetically, this commensal metabolism can be used 
as a more specific tool against CDI, for example by administrating ‘microbial accessible 
carbohydrates’ to prevent C. difficile proliferation and decrease the risk of CDI in colonized 
subjects.
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The successful implementation of FMT as a therapy for rCDI has encouraged research into 
FMT as a potential therapy for many other ‘dysbiosis’ related conditions like inflammatory 
bowel disease, irritable bowel syndrome, hepatic encephalopathy and autism. (106) Also, 
several clinical trials are currently performed to study the effect of FMT in metastatic 
melanoma, lung cancer and renal cell cancer for patients who are not (anymore) responding 
to checkpoint inhibitor therapy. Depending on the results of the currently performed trials, 
FMT could possibly be used to treat other conditions beyond rCDI in the future. At the 
moment, there is no place for FMT/microbiota modulating interventions in CDC patients, 
as it is yet unknown if restoration of their gut microbiota protects against CDI or other 
conditions that are associated with a disturbed microbiota. However, the detection of CDC 
should prompt awareness of a probable associated disturbed microbiota and I suggest 
that medication that could further disturb the microbiota should cautiously be prescribed 
in these patients.

C. difficile colonized patients remain a group of special interest for future research. Further 
mechanistic studies may analyze which factors beyond the gut microbiota composition 
(e.g. gut metabolites, immunologic factors) allow for colonization whilst protecting from 
infection. Possibly, this could lead to new treatment or preventive modalities for CDI. On 
the other hand, epidemiologic studies may shed light on the long-term consequences 
of CDC and may elucidate possible relations with conditions that are associated with a 
disturbed gut microbiota.
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