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ABSTRACT

Introduction: Clostridioides difficile is associated with hospital-acquired diarrhoea with
underreported disease burden from African countries. This study aimed to ascertain the
prevalence and the predictors of healthcare facility-onset C. difficile infection (HO-CDI) in
symptomatic hospitalized patients admitted at Kenyatta National Hospital (KNH), as well as
to characterize the toxin variants, antibiotic resistance determinants, sequence types, and
evolutionary strains of the isolates associated with HO-CDI.

Methods: A cross-sectional study was conducted in 333 hospitalized patients with hospital-
onset diarrhoea at KNH. Patients' demographic, admission, and clinical information were
extracted from their medical records. Stool samples from study participants who gave their
consent were tested for C. difficile using anaerobic culture-based methods in selective media.
HO-CDI cases were confirmed by a positive real-time PCR assay for tpi gene along with one
or more toxin genes (tcdA, tcdB, or cdtA/cdtB). E-test strips were used to detect the
susceptibility of confirmed isolates to a panel of antibiotics, including vancomycin,
metronidazole, rifampicin, ciprofloxacin, tetracycline, clindamycin, erythromycin, and
ceftriaxone. Logistic regression was used to examine potential risk predictors in cases of
confirmed HO-CDI. The genetic relatedness of selected isolates was determined using multi-
locus sequence typing (MLST). The Oxford nanopore MinlON technology was used to
sequence the entire genome of nine C. difficile strains. PubMLST and MLST (v2.0) were
used to perform multilocus sequencing typing on the generated genomes. Various databases,
including card, vfdb core, plasmidfinder, resfinder, and virulencefinder, were utilised to
detect virulence factors, antimicrobial resistance genes, toxin coding genes, and plasmids
replicons in the generated genomes. Phylogeny and metadata overlay were carried out using
Phandago to determine the degree of genetic relatedness between the isolates. The sequences
were aligned using Roary, and a maximum likelihood tree was constructed using RAXML
(v0.9.0).

Results: C. difficile was found in 71 (21%) of the patients. One or more toxin genes were
present in 69 (97.1%) of the 71 confirmed isolates. An incomplete tcdA gene was present in
more than half of the toxigenic isolates. All isolates were sensitive to vancomycin, but three
(2.1%) were resistant to metronidazole (MIC >32 mg/L). Resistance to rifampicin (65/71,
91.5%), erythromycin (63/71, 88.7%), ciprofloxacin (59/71, 83.1%), clindamycin (57/71,
80.3%), and ceftriaxone (36/71, 50.7.8%) was observed. Among the resistant isolates, 61
(85.9%) were multidrug-resistant.

Significant predictors in the multivariate logistic regression model included chronic
obstructive pulmonary disease (odds ratio [OR], 9.51; 95% confidence interval [CI], 1.80-
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50.10), diabetes (odds ratio [OR], 3.56; 95% CI, 1.11-11.384), chronic kidney disease (odds
ratio [OR], 3.88; 95% ClI, 1.57-9.62), iron deficiency anemia (OR, 3.67; 95% ClI, 1.61-8.34)
and hypertension (OR, 2.47; 95% CI, 1.00-6.07). CCI score of 2 (OR, 6.67; 95% CI, 2.07 —
21.48) and ECI scores of 1 (OR, 4.07; 95% ClI, 1.72 — 9.65), 2 (OR, 2.86; 95% CI, 1.03 —
7.89), and 3 (OR, 4.87; 95% ClI, 1.40 — 16.92) were significantly associated with increased
odds of developing HO-CDI. In addition, age, antibiotic exposure, use of more than one
antibiotic, surgical interventions and nasogastric feeding were significantly associated with
increased odds of developing HO-CDI.

The analysis of the nine assembled genomes revealed that, with the exception of three
genomes lacking resistance genes, the majority of isolates conferred antimicrobial resistance.
Some of the antimicrobial resistance genes found in the six genomes included those for
lincosamides (erm(G) and erm(B)), tetracycline (tet(M)), macrolides (msr(C), msr(D) and
msr(A)), rifamycin (RpoB), fluoroquinolone (GyrA), and aminoglycosides (ant(6") and
aac(6"). RepUS43 plasmid was found in six isolates in the PlasmidFinder database. Four
previously described sequence types were identified (ST37, ST743, ST40, and ST58), while
two were novel. The phylogenetic inference analysis of C. difficile isolates' genomes revealed
that they belonged to two distinct clades (clades 1 and 4). The Kenya sequences clustered
with sequences from Indonesia, the United States of America, and Ghana.

Conclusion: C. difficile diarrhoea was identified in the hospitalized population, and the risk
was higher for patients with prior exposure to antibiotics, invasive procedures, and co-
morbidities. The presence of diverse sequence types and virulence genes among the few
sequenced isolates provides novel insights into C. difficile isolates from this region, forming a
basis for future studies using a larger population to investigate the genetic relationship of

these isolates.
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CHAPTER ONE: INTRODUCTION

1.0 Introduction
Clostridium difficile, currently renamed Clostridioides difficile was initially identified in the

mid-1930s as an endospore-forming bacterial agent that is quite difficult to isolate and was
later associated with antibiotic-associated pseudomembranous colitis (Bartlett et al., 1978;
Hall & O’toole, 1935; Lawson et al., 2016). C. difficile is present in 0-15% of the healthy
human population, with significantly higher rates in infants and hospitalized individuals who
serve as reservoirs for increased carriage and put vulnerable population at risk of contracting
healthcare facility-onset C. difficile infection (HO-CDI) (Adlerberth et al., 2014; Furuya-
Kanamori, Marquess, et al., 2015). Additionally, disruption of colonic flora following
antibiotic use and other medications, such as proton pump inhibitors, allows for progression
from asymptomatic colonization to disease due to the overgrowth of toxin-producing strains
(Pérez-Cobas et al., 2014).

Because of the serious risks associated with antimicrobial overuse, the Centers for Disease
Control and Prevention (CDC) has listed the bacterium as one of the five "urgent threats™ that
require immediate and decisive action (CDC, 2014). The majority of cases of antibiotic-
associated diarrhoea are found in healthcare settings, where C. difficile has been identified as
the primary cause. The infection is fecal orally transmitted and can cause symptoms ranging
from uncomplicated diarrhoea to life-threatening pseudomembranous colitis and death (Eyre,
Griffiths, et al., 2013; C. P. Kelly et al., 1994). Although antibiotic use is the main trigger of
the infection, other reported risk factors that influence the development of C.
difficile infection (CDI) include advanced age, immunity of the patient, long hospitalization

duration, and underlying diseases.

Health care systems face a substantial financial burden from the global C. difficile disease
burden of approximately 500,000 infections and 15,000 deaths annually due to the prevalence
of prolonged hospital infections, re-hospitalization following recurrence, and the cost of
laboratory tests and medication (CDC, 2014; Dubberke & Olsen, 2012; Lessa et al., 2015). In
order to allocate sufficient resources to CDI diagnosis, treatment, and prevention efforts and
to determine which treatment and prevention strategies are cost-effective, a comprehensive
understanding of the impact of CDI on healthcare delivery is essential (Dubberke & Olsen,
2012).
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Although the expression of multiple virulence factors is associated with C. difficile
pathogenesis, the glycosylating toxins (A and B) are the most important in progression of
disease. (Awad et al., 2014). These toxins inactivate the small GTPases in the intestinal
epithelium resulting in increased fluid secretion and intestinal inflammation, both of which
are indicators of C. difficile enterocolitis and pseudomembranous colitis (Chandrasekaran &
Lacy, 2017). Between 17% and 23% of C. difficile strains produce a third ADP ribosylation
toxin (binary toxin), however its function in pathogenesis is uncertain (Barbut et al., 2007;
Martijn P. Bauer et al., 2011; Popoff et al., 1988).

Recent advances in C. difficile molecular epidemiology have been made possible by
sequence-based genotypic approaches, such as multilocus sequence typing (MLST),
multilocus variable-number tandem-repeat analysis (MLVA), and whole-genome sequencing
(WGS). Even though the high costs of these assays limit their routine use, these methods
provide unprecedented means of understanding the genetic traits and pathogen evolutionary
relationships. While evolutionarily distinct clades of C. difficile continue to emerge, the
clonal population structure of C. difficile in Africa remains largely unknown.

C. difficile is largely a neglected pathogen in Africa, and it is not regarded as a significant
contributor of nosocomial diarrheal disease. As a result, the burden of CDI is underestimated,
in part due to limited diagnostic capacity and laboratory resources coupled by a lack of
awareness among clinicians and microbiologists. Therefore, failure to investigate this
pathogen may result in ‘silent’ transmission underscoring the need for clinical or diagnostic

interventions.

1.1 Study rationale and justification
Recent years have seen a dramatic rise in the incidence and morbidity of HO-CDI due to the

spread of the hypervirulent strain ribotype 027. Antimicrobial use in humans and animals,
other drug-prescribing practices, and non-compliance with infection prevention and control
practices have all been linked to shifting patterns in C. difficile epidemiology. In addition,
because it is technically difficult to isolate C. difficile from patient samples, many physicians
may not request for its diagnosis and instead rely on syndromic treatment, leading to
misdiagnosis and incorrect treatment. Further, the risk factors are under-investigated in
resource-limited countries, contributing to the scarcity of data on C. difficile in healthcare

facility-onset diarrhoea. Thus, the purpose of this study was to ascertain the prevalence of C.
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difficile infection among a cohort of hospitalized population who presented with diarrhoea
and to establish the predictors attributed to higher risk of developing HO-CDI. To address the
disease potential pathogenicity, toxin genes were detected in positive phenotypic isolates, and
whole-genome sequencing was performed to determine the distinct multilocus sequence types
and antibiotic-resistant determinants of the isolates. Subsequently, the genetic traits of the
sequenced C. difficile isolates from this study were compared to similar sequence types from
different geographical locations using phylogenetic analysis to elucidate clonal clusters that
will aid in inferring the evolutionary relationship or diversity of clustered lineages.

1.2 Research questions
a. What proportion of patients admitted at Kenyatta National Hospital (KNH) have HO-

CDI?

b. Which risk factors during the hospitalization at KNH are the primary predictors of
HO-CDI?

c. What are the toxin variants and antimicrobial susceptibility profiles of HO-CDI
isolates?

d. What are the genetic determinants of antibiotic resistance in the strains studied, as
well as the sequence types based on allelic polymorphisms of the housekeeping genes,

and how do they compare to strains from other geographical areas?

1.3 Study objectives
1.3.1 General objective
To investigate the epidemiology and genomic characteristics of C. difficile in symptomatic

hospitalized patients admitted at Kenyatta National Hospital (KNH)

1.3.2 Specific objectives
1. To determine the prevalence of HO-CDI in symptomatic patients admitted at KNH.

2. To characterize the toxin profile of C. difficile isolates recovered from the stool
samples and evaluate their antimicrobial susceptibility patterns.

3. To assess the risk factors and stratify significant predictors associated with
increased odds of developing HO-CDI.

4. To investigate the antibiotic-resistant determinants and genetic relatedness of the

isolates and compare this to strains from various geographical locations.

1.4 Significance of the study
The outcomes of this study will provide insight into the burden of C. difficile in Kenyan

healthcare facilities and will be used to enhance HO-CDI awareness among healthcare
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providers. Due to the lack of well-established anaerobic laboratory facilities to aid in C.
difficile diagnosis, the findings from this study will highlight the importance of such facilities
in strengthening anaerobic pathogen surveillance. The data on risk factors will aid in
stratification of patients with significant predictors, allowing the design of prevention
strategies and targeted treatment at an early stage of HO-CDI diagnosis. Consequently, this
will have a substantial impact on the refinement of hospital infection control guidelines,
particularly the antimicrobial use policies in healthcare settings. Furthermore, the
identification of distinct virulent strains linked to multidrug resistance, significant outbreaks,

and severe infections will compel the recognition of CDI as a notifiable disease in Kenya.

1.5 Thesis structure
This thesis is divided into six chapters. The first chapter provides an overview of the research

project, including its context, rationale and justification, as well as the study objectives and
benefits. The second chapter delves extensively into various emerging issues surrounding C.
difficile, including facts, controversies, and gaps identified in numerous studies on the
pathogen. The third chapter details step-by-step procedures tailored to the study objectives,
which are expanded upon in chapters 4-6, where the study findings are discussed in detail in
relation to each themed objective and in the context of the available literature. The thesis then
concludes with a discussion of the study limitations, a summary of the findings, and
suggestions for additional research in the same field.
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CHAPTER TWO: LITERATURE REVIEW

2.1 History and microbiology of Clostridioides difficile
Hall and O'Toole isolated Clostridioides difficile from neonatal meconium in 1935 and

named it Bacillus difficilis due to challenges in propagating and isolating the bacteria (Hall &
O’toole, 1935). Before it was linked to antibiotic-associated pseudomembranous colitis in
1978, its role in human infections was unknown (Bartlett et al., 1978). C. difficile is found in
0 to 15% of the healthy population; however, rates are higher in hospitalized patients and
infants. For decades, the gut of a fetus was thought to be sterile until birth, when colonization
IS initiated by commensals acquired from the mother and the surrounding environment (Hall
& O’toole, 1934; Mackie et al., 1999). However, studies have demonstrated that meconium
obtained from neonates contains a diverse bacterial community, implying that colonization
occurred prior to birth (Collado et al., 2016; Jiménez et al., 2008; Nagpal et al., 2016). In
1935, Hall and O'Toole reported that approximately 37% of the microorganisms found in
neonatal meconium were acquired from the mother (Hall & O’toole, 1935). Additionally, the
same study identified C. difficile as a common microflora in the gastrointestinal tract of
healthy infants. Infants carry both toxigenic and non-toxigenic strains of C. difficile, but
because they lack toxin receptors, they exhibit no disease symptoms. Colonization rates have
been shown to be significantly higher in C-section delivered infants and formula-fed infants
compared to breastfed infants (Pandey et al., 2012; Penders et al., 2005; Timmerman et al.,
2017). As a result, infants may serve as C. difficile reservoirs, potentially infecting anyone

who comes into contact with them (Adlerberth et al., 2014).

Clostridioides species are classified in the class Clostridia, the order Clostridiales, the family
Clostridiaceae, and the genus Clostridioides. C. difficile is a member of clostridial cluster XI,
along with closely related non-spore producing species Peptostreptococcus anaerobius and
Eubacterium tenue (M. D. Collins et al., 1994). For decades, Clostridia was classified based
on phenotypic characteristics, which caused confusion because spore-forming and non-spore-
forming genera were grouped together, necessitating taxonomic revision of these genera.
With recent advances in ribosomal protein phylogenetic analysis using 16S rRNA
sequencing, it is apparent that the genus Clostridioides is heterogeneous. Consequently, C.
difficile was reclassified to the family Peptostreptococcaceae and the genus Clostridioides
(Galperin et al., 2016; Ludwig et al., 2015). Previously, (Yutin & Galperin, 2013) suggested
renaming C. difficile to Peptoclostridioides difficile; however, (Lawson et al., 2016) recently
proposed that the name be revised to Clostridioides difficile to avoid phonetics and
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communication issues. Several databases, including the List of Prokaryotic Names
withstanding in Nomenclature (Parte, 2014), the Ribosomal Database Project (Cole et al.,
2014), and the National Center for Biotechnology Information Taxonomy database, have
adopted the proposed classification (Federhen, 2012).

A gram-stained smear of C. difficile bacterium reveals a typical gram-positive straight rod
with slightly rounded ends and an oval sub-terminal spore. The bacterium can exist in a
vegetative form where it grows and divides, but when environmental conditions become
unfavorable, it transforms into a dormant spore form. While in its spore form, the bacterium
can survive adverse conditions such as high temperatures, ultraviolet light, disinfectants, an
acidic environment, and antibiotics. In this form, it is well-suited for propagation in the
human gastrointestinal tract, where it survives harsh conditions of the stomach and eventually
go on to germinate and potentially produce toxins in the colon (Rineh et al., 2014). When
released into the environment, the spore can withstand desiccation and high oxygen levels for
a long time before reverting to its vegetative state when conditions are favorable. C. difficile
IS a strict anaerobe that moves in a tumbling motion via peritrichous flagella. In some strains,
the flagellin proteins (flagellar cap [FliD] and flagellin [FIiC]) produce glycan, which
facilitates its attachment to the intestinal wall, thereby initiating the disease process (Baban et
al., 2013; Tasteyre, Barc, et al., 2001; Twine et al., 2009).

According to the Sanger Institute's entire genome sequence of reference strain 630, C.
difficile has a large complex genome composed of a circular chromosome aligned with
4,290,252 bp and a circular plasmid of 7,881 bp with a 27.9% G+C content (Sebaihia et al.,
2006). Additionally, 11% of the genome is made up of mobile genetic elements, including
putative conjugative transposons, mobilizable transposons, prophages, and many others that
contribute to C. difficile virulence. Recent genomic sequencing of four clinical isolates from
New York, USA revealed a single circular chromosome with a length of 4,075,361 to
4,190,038 base pairs (Yin et al., 2018). Figure 2.1 summarizes how the historical aspects of
C. difficile have changed over time.
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2.2 Disease burden

Figure 2.1: C. difficile historical events. The progression of C. difficile during the past 80 years,
from its initial description in 1935 to its current epidemiological situation, is shown in this figure
(Adapted from (Rodriguez et al., 2016).

Clostridioides difficile infection (CDI) rates and mortality have risen considerably in high-

and upper-middle-income economies while remaining remarkably low in low- and middle-

income countries. Multiple factors, including shifting population composition, expanded use

of broad-spectrum antibiotics, and the emergence of hypervirulent C. difficile strains, have

been implicated in the alarming increase in disease prevalence. In this section, the burden of

CDI in developed countries as well as developing countries, with a particular emphasis on

African countries, will be discussed. In addition, the direct impact of the disease on the

health-care system in terms of expenses incurred in disease management will be evaluated.

2.2.1 Burden of CDI in high and upper-middle-income economies

Nosocomial infections caused by C. difficile are common in developed countries. Over the

last decade, the United States, Canada, and Europe have all seen significant increase in the

number of cases and deaths from CDI (Freeman et al.,
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infection and control programs in these nations, the incidences continue to rise. According to
recent studies, C. difficile is now the leading cause of healthcare-associated infections,
surpassing methicillin-resistant Staphylococcus aureus (MRSA) (Miller et al., 2011). A study
conducted in German hospitals revealed that the incidence density of CDI was more than
two-fold higher than the incidence density of MRSA (0.47 vs 0.20) (Meyer et al., 2012).

In 2011 Lessa and colleagues conducted a population and laboratory survey in 34 states
across the US. Based on this survey, they estimated 453,000 cases of CDI, with the majority
being hospital-onset (107,600) versus community-onset (81,300) (Lessa et al., 2015). Using a
decision-analytic model that consolidated various parameters such as age, comorbidities,
facility setting and disease epidemiology, Desai et al., estimated an incidence of 439,237
primary cases which was slightly lower than the previous estimate by Lessa et al., (Desai et
al., 2016; Lessa et al., 2015). Furthermore, death rates following severe CDI are high and
have risen significantly in the United States. According to Redelings et al., the mortality rate
in the US increased from 5.7 deaths per million population in 1999 to 23.7 deaths per million
population in 2004 (Redelings et al., 2007). Similarly, Revel et al. also reported an increase in
morality from 6.6% in 2001 to 7.2% in 2010 (Reveles et al., 2014). According to a survey
conducted by the European C. difficile Infection Surveillance Network (ECDIS-Net) in 2011
through 2012, an estimated 123,997 patients acquired hospital-associated CDI. In this report,
the incidence rate of primary cases ranged from 4.2 to 131.8 per 10,000 hospital discharges,
while the incidence rate of the recurrent infection ranged from 0 to 118.6 per 10,000 hospital
discharges (van Dorp et al., 2016). Using a prevalence-based burden of illness model, Levy et
al estimated that there were 37,932 cases of CDI in Canada in 2012, the majority of which
were hospital-onset cases (20,002) (Levy et al., 2015).

CDI data from Asian countries are scarce. According to a systematic review and meta-
analysis of studies conducted in 16 Asian countries, C. difficile positive cases were reported
in 14.8% of all patients tested (37,663), corresponding to an incidence rate of 5.3 per 10,000
patient days and a pooled death rate of 8.9% (Borren et al., 2017). According to this review,
this may not be a true estimate due to significant variation in study setting
(hospital/community), sample size and the study period; consequently, individual studies end
up reporting more elevated cases than the pooled analysis. For instance, a study in China
reported an incidence of 15.41 cases/100,000 persons in 2006, which increased to 36.31
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cases/100,000 persons in 2014; 91.4% of the cases were healthcare-related and the overall
mortality rate was 22.5% (Ho et al., 2017).

CDiI results in prolonged hospital stay following primary diagnosis or as a result of recurrent
infection. According to the data from Healthcare Cost and Utilization Project (HCUP), CDI
accounts for 1% of the entire hospital stay, with primary diagnosis accounting for one-third
of the total (Lucado et al., 2006). With such high incidence rates, most facilities are
compelled to develop and implement infection control guidelines and programs in order to
reduce CDI rates, which requires enormous additional resources, directly impacting the cost
of health care systems. Additionally, the majority of patients endure the burden of recurring
infections, which can be multiple, adding to the treatment and management costs associated

with CDI. The estimated cost of managing recurring cases is discussed in Section 2.2.3.

2.2.2 The burden of CDI in Sub-Saharan Africa (SSA)

According to studies conducted in Africa, the prevalence of CDI is lower than in high and
upper-middle-income economies, even though populations in these economies are exposed to
similar risk factors (Forrester et al., 2017). CDI is rarely reported in most African countries,
owing to the fact that the majority of laboratories in this region do not perform routine C.
difficile diagnosis. However, given the pathogen's recent attention, a few countries are now
diagnosing CDI using either a rapid test for glutamate dehydrogenase, geneXpert, or an
enzyme immunoassay (EIA) for toxin A/B (Keeley et al., 2016). According to published data,
C. difficile prevalence in Africa appears to range between 0% and 93.3%: Kenya 0% and 93.3
% (Mwachari et al., 1998; Oyaro et al., 2018), Zimbabwe 8.6 % (Simango & Uladi, 2014),
Zambia (Nehanda et al., 2020), Ghana 4.9 % (Janssen et al., 2016), South Africa 16 % (Brian
Kullin, Meggersee, D’Alton, Galvao, Rajabally, Whitelaw, Bamford, Reid, & Abratt, 2015),
Tanzania (6.7 %) (M Seugendo et al., 2015), Malawi 13.6 % (Beadsworth et al., 2014), and
Nigeria 43% (Onwueme et al., 2011). A summary of these studies is provided in Table 2.

Since antibiotic use has been shown to increase the risk of CDI, it is possible that the
incidence rate of CDI is higher in developing countries where antibiotic use is unregulated
and over-the-counter antibiotic purchase without a prescription is common (Bebell & Muiru,
2014). The uncontrolled antibiotic use intensifies the spread of C. difficile, enhancing the
morbidity and mortality of infections in settings with a low prevalence. Two SSA studies
found an association between antibiotic use and CDI development (p=0.0001) (Rajabally et

al., 2013; M Seugendo et al., 2015).
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The burden of human immunodeficiency virus/acquired immune deficiency syndrome
(HIV/AIDS) is greatly felt in Africa and is known to likely increase the development of other
health conditions (Grabovac et al., 2020). In line with this, studies that have assessed CDI in
HIV/AIDS patients have shown that CDI incidences are high among this population and in
most cases accounts for the common cause of bacterial diarrhea (Anastasi & Capili, 2000;
Imlay et al., 2016b; Sanchez et al., 2005). The link between CDI and HIV are likely related
to modifications in the fecal microbiota, changes in the intestinal mucosa barrier function,
and impairment of humoral and cell-mediated immunity (Di Bella et al., 2015). HIV/AIDS
has been hypothesised to alter the mucosal layer of the gut and affect patients' humoral and
cellular immunity, interfering with their body's ability to produce antibodies in response to C.
difficile toxins and predisposing them to CDI. (Di Bella et al., 2015; Haines et al., 2013;
Lorraine Kyne et al., 2000). The burden of CDI among HIV patients in Africa varies and
according to a weight pooled systematic review a prevalence of 7.4% infection rate was
reported among HIV patients (Forrester et al., 2017). A pilot study in Nigeria documented a
CDI prevalence of 43.5% among HIV-positive in-patients and 14% among HIV-positive out-
patients (Onwueme et al., 2011). In South Africa, a prevalence of 11.4% among HIV-positive
patients was documented (Samie et al., 2008) which was slightly lower than that reported in
Tanzania (12.7%) (M Seugendo et al., 2015). The study in Malawi found that patients with
severe immunosuppression (CD4 count of <50) had a higher carriage (18.1%) of toxigenic
strains of C. difficile than those with CD4 count of >50(7.9%), despite the fact that the
association (0.058) was not statistically significant due to the low number of patients
investigated. Interestingly with the high prevalence of CDI among HIV patients, most of
these studies did not show an association except for the study in Nigeria (p=0.001) and
Tanzania (p= 0.004) (Onwueme et al., 2011; M Seugendo et al., 2015). However, with the
post-antiretroviral therapy, the CD4 count among this population increases leading to an
improved immunological response to opportunistic infections. Additionally, these patients
may not require antibiotics for prophylaxis therefore reducing the exposure to CDI
(Sivapalasingam & Blaser, 2005).

Although data on the toxigenic strains and ribotypes is limited in studies conducted in Africa,
it is essential to note that the toxigenic strains of C. difficile were highly isolated from
diarrheal cases than from non-diarrhea cases. For example, in South Africa toxigenic strains
were characterized from 92.4% of the C. difficile isolates (B. R. Kullin et al., 2018) while in
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Tanzania 57% of C. difficile isolated from the study participants with symptoms of diarrhea

were toxigenic (Mwanaisha Seugendo et al., 2018).

26



Table 2.1: Summary of published studies in SSA

Country Year Sample Participants | Parameter Associated Test Antibiotic Toxin profile Ribotype Reference

size/study design risks resistance

Tanzania 2014 Cross-sectional/ All patients | Prevalence Hospital Culture Clarithromycin | A+B+CDT+ (2) 038 (3 nontoxigenic) (Seugendo et

250(141 diarrheal | with (6.40%) duration Rapid test | (3) A+B+ (2) 045 (2 toxigenic) al., 2015)
and 110 non- | diarrhea+ (p=0.036), for Rifampicin (1)
diarrheal) 109 controls HIV status | glutamate
(p=0.004) dehydrogena
se
PCR for
toxin genes
Malawi 2004-2005 | Case-control/206 | Adult Prevalence (13.6%) | None ELISA for | N/A N/A N/A (Beadsworth
inpatients Association with toxin MBJ, Keeley
with diarrhea (22), HIV detection AJ, Roberts
diarrhoea status  (21) and P, Watson
immunosuppression A, 2014)
(13)

Nigeria Pilot/140 140 Prevalence (43% for | N/A EIA for | N/A N/A N/A (Onwueme
in-patients and toxin etal., 2011)
14%out-patients) detection

South Africa November | Cross all age, | prevalence, toxin | Diarrhoea N/A N/A A+B+CDT- 9 | N/A (Samie et

2004-May | sectional/322(255 | outpatient profile, pathogenicity | (p=0.001), A+B+CDT+ (9) A- al., 2008)
2005 from hospital, 67 and association occult  blood- B-CDT+ (3)
from schools) (p=0.001), A-B+CDT- (2)
lactoferrin>20yr
s(p=0.041)
South Africa 2015 Pilot/34 CD positive | Ribotypes Auto- MLVA Moxifloxacin A+B+ 17,001,015,056 (Brian
isolates aggregation, (69%), Kullin,
biofilm erythromycin Meggersee,
formation (014 (74%) D’Alton,
p=0.001, 017 Galvao,
p=0.0019) Rajabally,
Whitelaw,
Bamford,
Reid, Abratt,
Valerie
RoseKullin,
etal., 2015)
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Zimbabwe 2014 Cross Outpatients Prevalence (8.6%) N/A Culture Clindamycin, N/A (Simango &
sectional/268 >2yeras PCR for | ciprofloxacin, Uladi, 2014)
toxin genes gentamicin,
cefotaxime,
cotrimoxazole
Kenya 1998 prospective cross- | HIV positive | Prevalence-0% C. parvum (p Cytotoxicity N/A N/A (Mwachari
sectional study adults  with =0.007), assay et al., 1998)
75 chronic EAgQEC
diarrhoea (p=0.007)
75
Ghana Nov2013- Cross sectional All ages 176 | Prevalence (4.9%) Age <byears Erythromycin Toxigenic 084 (Janssen et
sep2014 hospitalized (p=0.004), (46.6%) Nontoxigenic (75%) al., 2016)
with antibiotic  use- Ciprofloxacin 3-A+B+ (toxinotype
diarrhea ceftriaxone (100%) 0)
131 (p=0.023) 1-A-B-CDT+
asymptomati current (toxinotype Xlb)
c non- plasmodium
hospitalized infection(p=0.04
2)
recent rashes
(p<0.0001)
age 0-
5(p=0.004)
Zambia 2000 Cross sectional HIV Prevalence (0%) N/A N/A N/A N/A Culture (I Zulu et
68 seropositive Toxin assay-ELISA al, nd.)

non
diarrheal
volunteers
from
community
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2.2.3 Health care economic burden
CDI is among the most expensive infections to manage, and as such it places a significant

economic burden on infected individuals and the health care systems (Heimann et al., 2018).
Extensive hospitalization, re-hospitalization due to recurrence, and the cost of laboratory tests
and therapy all contribute to the economic burden of CDI. (Cangado et al., 2021; Heimann et
al., 2018). In 2013, CDC reported that approximately 250,000 CDI occur every year in the
US this resulted in more than $1 billion in excess of medical costs per year and the cost was
even higher following the emergence of hypervirulent strain (CDC, 2014). Between 2005 and
2015, Zhang et al. critically reviewed and analyzed 42 published studies that determined the
impact of direct medical costs on CDI management in the US, where they. estimated that $6.3
billion was attributed to CDI (S. Zhang et al., 2016). This figure is significantly higher than
the previous estimate of $4.8 billion reported by (Dubberke & Olsen, 2012), $3.2 billion
(O’Brien et al., 2007), and 1.1 billion (L. Kyne et al., 2002). The cost could also escalate
significantly in patients with co-morbidities. According to Ghantoji et al., (2010), a patient
diagnosed with CDI with underlying inflammatory bowel diseases will incur approximately
$22,873 in management costs (Ghantoji et al., 2010). Aside from the studies conducted in the
US, other countries have also reported on the high costs attributed to CDI management:
Korea $2.4-$15.8 million (H.-Y. Choi et al., 2015), Europe €3billion/year (Jones et al.,
2013), Rome €14,023/patient/year (Asensio et al., 2015), Italy €3,270.52/ patient/year (Poli et
al., 2015) and Canada $281 365 million (primary and recurrent infections) (Levy et al.,
2015).

Recurrent CDI also contributes to the high cost of management of CDI for example in the
US, the estimated cost of managing a recurrent CDI is $45,148 (Shah et al., 2016), and in
Germany, the treatment cost is approximately €73,898 per patient (Heimann et al., 2015),
resulting in a €464 million annual cost burden to the German healthcare system (Grube et al.,
2015). Metronidazole and vancomycin are the first-line drugs recommended for the treatment
of CDI. Although these antibiotics are less expensive, they are associated with a high
recurrence rate, which raises the cost of managing recurrent infection, and the alternative
drug fidaxomicin is equally expensive (Burton et al., 2017; Heimann et al., 2018).

An economic computational simulation model previously developed to determine the cost of
CDI on the health care system, estimated that it would cost a hospital >$496 million per year
to manage cases of CDI (McGlone et al., 2012). Although this model was developed to
calculate the cost of hospital duration it can however be adopted to estimate the cost of other
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parameters on the healthcare system including the cost of interventions aimed at decreasing
the severity of CDI. However, another study in the US applied a decision-analytic model that
factored in other parameters including primary and recurrent infections, natural history of the
disease, economic and epidemiological outcomes where they estimated that approximately
$5.4 billion was annually spent in managing both hospital and community-acquired CDI
cases (Desai et al., 2016).

The cost variation in these studies may be due to the participants' different age groups,
healthcare setting (hospital, community, or long-term facility), the study design, and the
comparable parameters analyzed. However, it is evident from the highlighted trends that the
cost of managing CDI is increasing, which may be attributed to the increasing severity of the
disease as a result of the emergence of hypervirulent strains. In addition, based on the
limitations from the earlier studies conducted on the cost-effectiveness of CDI, the recent
analytical and modelling approaches have established some of the direct and indirect costs
that could significantly impact the economic burden of CDI on the healthcare systems (Desai
etal., 2016; S. Zhang et al., 2016).

2.3 C. difficile transmission, colonization and infection
This section provides an in-depth description of the events preceding CDI, beginning with

how C. difficile establishes itself in the gut and progresses to symptomatic presentations of
mild or severe disease, based on Durovic et al. model, which is depicted in figure 2.2 below
(Durovic et al., 2018).

2.3.1 Transmission
C. difficile infection is transmitted faecal-orally through ingestion of spores or vegetative

cells in contaminated hands or materials. Direct contact with symptomatic CDI patients is the
primary transmission pathway, accounting for approximately 35% of patient to patient
transmission of both primary and recurrent infections (Eyre, Cule, et al., 2013; Kumar et al.,
2016). Asymptomatic colonization and the hospital environment, including inanimate
objects/surfaces in both inpatient and outpatient settings, pose a risk to patients because they
can serve as infection reservoirs (Jury et al., 2013; L. Y. Kong et al., 2019; Simecka et al.,
2019). According to a mathematical model, the probability of contracting C. difficile in a
hospitalized setting is 2.3% per day, compared to 0.12% in a community setting (Durham et
al., 2016). However, use of whole-genome sequencing (WGS) to study disease transmission
dynamics have revealed that both symptomatic adults and pediatric patients transmit low

rates of CDI, implying the importance of other sources in disease transmission (Eyre, Cule, et
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al., 2013; Kociolek, Gerding, et al., 2018). Further Eyre et al also reported that over 45% of
C. difficile isolates analyzed in their study were genetically diverse, suggesting that other

possible sources exist (Eyre, Cule, et al., 2013).
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disease severity and recurrence.

Hm! antibody- A.nhb’om:s and
medwted chemotherapeutic
immune agents
v:xponse

Excretion of G Sonof T PTRESER
spores without e - < 2
germination < m“' Spotes 'i'"“"‘“n in Germination
host bawel « Spores interact with small molecular germinants, such

‘ ative
Sporulation | Spo0A | +=— ' ifficile
cells

as bile acids, triggering germination into toxin-producing
bacteria that muitiply and adhere to host epithelium

« SpalA regulates sporulation within the host and might
be important in regulating the expression of toxin genes
and colonization

« Sporulation provides vectors for onward transmission
Spore
tﬁr ()
d ' =

I 1| °—' C. difficile cell
Non-pathogenic strain
‘Paloc’ is absent

Toxin production and effects on colonic epithelium
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« Toxigenic C. difficile strains carry the Paloc and produce toxin B with
or without toxin A

« Toxin production causes microscopic and macroscopic changes to
the colonic epithelium in patients with CDL Histological section of a
colonic mucosal biopsy from a patient with pseudomembranous
colitis (left) shows areas of focal epithelial necrosis associated with
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Symptomatic infection

» Clinical features of CDI include diarrhoea, abdominal pain and fever

« Severe infection can result in gross dilatation of the bowel and ileus, risking
bowel pecforation

« Abdominal radiograph demonstrates distal colitis with proximal dilated loops of large
and small bowel the descending colon is devoid of normal haustrations resulting in
a “lead pipe’ colon (arrows): the distal transverse colon demonstrates mocosal
thickening seen as ‘thumb-printing’ on radiography (arrows).

Figure 2.2: C. difficile infection. (a): This diagram depicts various ways in which C. difficile can be
acquired. (b-c): The sequence of events that occurs after the spores are ingested, including factors that
promote germination and excretion. (d-e): Pathological and clinical effects of toxigenic strains of C.
difficile. Image adapted from (J. Martin et al., 2016).

Animal sources, contaminated food, community and natural environment have all been
associated with community acquired CDI, providing supporting for the One Health paradigm
(Alam et al., 2017; A. W. W. Brown & Wilson, 2018; Janezic et al., 2016; Knetsch et al.,
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2018; Knight & Riley, 2019; Moono et al., 2017; Mufioz-Price et al., 2020; Rodriguez Diaz et
al., 2018; Warriner et al., 2017). Evidence of zoonotic transmission has been found through
the recovery of ribotype 078, which has been linked to sporadic outbreaks of CDI in humans
(Abraham Goorhuis et al., 2008; Knetsch et al., 2018).

C. difficile spores were previously isolated from the air within a health facility. As a result,
aerial dissemination of the spores may be to blame for the contamination of surfaces and the
environment reported in hospitals (Best et al., 2010). Spores have also been isolated from the
HCWs hands and hospital equipment (Landelle et al., 2014). Guerrero et al. recovered C.
difficile in HCWs gloved hands after contact with environmental surfaces and CDI patients
(Guerrero et al., 2012). Since the spores are resistant to the bactericidal and sporicidal effects
of most disinfectants used in healthcare facilities, they can spread and survive in hospitals for
up to 5 months (K. H. Kim et al., 1981; Uwamahoro et al., 2018). According to one study, the
spores remained viable after being exposed to sodium dichloroisocyanurate at the
recommended concentration and exposure time to kill the spores (Dyer et al., 2019).
Furthermore, poor hand hygiene, including improper glove removal technique, contributes to

contamination of not only the hands but also the skin of the HCWSs (Tomas et al., 2015).

Antibiotic use indirectly alters the gut environment by increasing spore shedding into the
environment, which increases the risk of acquisition to patients who will occupy the same
environment in future. This was investigated by Freedberg et al who found that admission
into a bed previously occupied by a patient who received antibiotics was strongly correlated
with subsequent development of CDI (Freedberg et al., 2016). Additionally, Shaughnessy et
al reported that household contamination, including vacuum cleaners and bathroom areas,
due to inadequate cleaning, could also contribute to predisposition of primary or recurrent
CDI (Shaughnessy et al., 2016).

2.3.2 Asymptomatic colonization

Asymptomatic colonization occurs when a stool sample tests positive for C. difficile or C.
difficile toxins, but no symptoms of the disease are present (Furuya-Kanamori, Marquess, et
al., 2015). Asymptomatic colonization varies between groups, with children under one year
of age having a high colonization rate ranging from 1% to 84% (Al-Jumaili et al., 1984; Hall
& O’toole, 1935; Clotilde Rousseau et al., 2012; Snyder, 1940). The high rate of colonization

in this age group is influenced by absence of mucosal receptors due to immature bowel,
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intestinal microbiota composition, and presence of immunoglobulins in the breast milk,
which protects against C. difficile infection establishment (Cooperstock et al., 1983; Tullus et
al., 1989). The rate of colonization after infancy however decreases with age from 15% to 5%
by age 2 and above (E. A. Lees et al., 2016). Further, colonization rates in adults vary
between healthy adults (4-15%), health care workers (4.2%) and hospitalized patients (3-
21%) (M. J. T. T. Crobach et al., 2018; Miyajima et al., 2011; Sall et al., 2015; Elisabeth M.
Terveer et al.,, 2017; Zacharioudakis et al., 2015). Prior hospitalization, exposure to
antibiotics, underlying disease and corticosteroids use are all risk factors that facilitate
colonization, as illustrated in figure 2.3 (Furuya-Kanamori, Marquess, et al., 2015; L. Y.
Kong et al., 2015).

Given that colonized individuals can mount an immune response against CDI, colonization
with toxigenic strains is however a prerequisite to infection; thus, colonization can progress
to infection when combined with other underlying risk factors (Mulligan et al., 1993;
Schéffler & Breitriick, 2018; Zacharioudakis et al., 2015). Blixt and colleagues recently
demonstrated this in a large cohort study in Denmark, where they discovered that individuals
colonized with toxigenic strains of C. difficile were five times more likely to develop

infection than the non-colonized group (Blixt et al., 2017).
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Figure 2.3: Asymptomatic colonization to infection. Schematic diagram adapted from (Furuya-
Kanamori, Marquess, et al., 2015) showing the outcome of exposure to C. difficile spores.
Highlighting the risk factors that promote asymptomatic colonization or symptomatic presentation. In
some cases, the host and pathogen factors can work together to protect against CDI.

2.3.3 Infection

The CDI incubation period is yet to be ascertained; however, some studies have estimated a
period of 2 to 3 days following exposure (Cohen et al., 2010). The disease begins with
uncomplicated diarrhoea accompanied by fever, abdominal pain, and can progress to chronic
diarrhoea, pseudomembranous colitis (PMC), fulminant colitis, and in rare cases, death
(Bartlett, 2002; Dallal et al., 2002; C. P. Kelly et al., 1994). In pseudomembranous colitis, a
pseudomembrane forms on the surface of the colon, characterized by yellow-white plagques
which are classified as type 1, 2 or 3 based on their histological appearance (Price & Davies,
1977). In addition to the pseudomembranes, patients also present with profuse watery
diarrhoea, abdominal distension, and leukocytosis (Gebhard et al., 1985). Although other
broad-spectrum antibiotics have been identified, PMC is significantly associated with long-

term clindamycin use (Tedesco et al., 1974). Although there are other causes of PMC, C.
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difficile is responsible for approximately 90-99% of PMC cases (Farooq et al., 2015; C.
Surawicz & McFarland, 1999).

Fulminant colitis and toxic megacolon with subsequent colonic perforation, peritonitis, and
septic shock can complicate PMC cases that do not respond to treatment (Sartelli et al.,
2019). Fulminant colitis affects approximately 3-8% of CDI patients, with a mortality rate
ranging from 34% to 80% (Adams & Mercer, 2007; Dallal et al., 2002). Diarrhoea is absent
in the majority of fulminant colitis cases, making diagnosis difficult. As a result, systemic
signs such as fever, hypoalbuminemia, hypertension and renal failure as well as a
computerized tomography (CT) scan and endoscopy are important when evaluating fulminant
CDI (Adams & Mercer, 2007; Martijn P Bauer et al., 2012; Girotra et al., 2012). In-case of
severe and complicated cases of CDI, surgical interventions such as abdominal colectomy or
loop ileostomy can be performed (Juo et al., 2019). A case study also reported that a severe
PMC patient was successfully managed with a combination of fecal microbiota therapy
(FMT) and fidaxomicin (Konturek et al., 2017). Recurrence of CDI as a result of treatment
failure is a common outcome reported in the majority of cases and is discussed further in

section 2.6.1

2.4 Pathophysiology

C. difficile gut colonization is dictated by the anaerobic environment and the absence of
competitor gut microbiome depleted during antibiotic treatment (Britton & Young, 2012;
Ferreyra et al., 2014; Pérez-Cobas et al., 2014). Although toxin production is the primary
virulence factor required for host tissue damage and disease manifestation, several events
must occur prior to toxin production (Heinlen & Ballard, 2010). The first step is the ingestion
of C. difficile spores where they germinate into metabolically active vegetative form in the
small intestine. Following germination, vegetative C. difficile descends to the colon, and
adheres to the intestinal epithelium using surface structures and adhesins. The interaction
with the host tissue resulting in the production and release of toxin A (TcdA) and toxin B
(TcdB), as well as a binary toxin called C. difficile transferase (CDT) in other strains (Awad
et al., 2014; Voth & Ballard, 2005). Once in the colon, the toxins (TcdA and TcdB) primarily
affect the intestinal epithelium, causing fluid secretion, inflammation, and tissue
apoptosis/necrosis by inactivating small GTPases, whereas the binary toxin ADP - ribosylates
actin, resulting in depolymerised actin cytoskeleton (Awad et al., 2014; Chandrasekaran &
Lacy, 2017; Gerding et al., 2014). Toxin-induced pathophysiology results in increased

adherence, cytopathic effects, and cytotoxicity. Furthermore, the virulence factors trigger an
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inflammatory response that leads to neutrophil migration to the infection site, resulting in
fluid accumulation, cell damage, and intestinal inflammation, all of which are indicators of C.
difficile enterocolitis and pseudomembranous colitis (figure 2.4) (Cowardin et al., 2014; Jose
& Madan, 2016; Madan et al., 2012; Péchiné & Collignon, 2016; Sun & Hirota, 2015). The
mechanisms by which toxin and non-toxin mediated virulence factors contribute to C.

difficile pathophysiology are discussed further below.
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Figure 2.4: Infection cycle. C. difficile pathogenesis and host immune response triggered by toxins
(TcdA, TcdB, and CDT) and non-toxin virulence factors (flagellin, surface layer proteins and
unknown factors). Adapted from (Sun & Hirota, 2015).

2.4.1 Toxin mediated virulence factors

2.4.1.1 Toxin A and Toxin B

Toxin A (TcdA) and toxin B (TcdB) are both members of the large clostridial glucosylating
toxins (LCTs) that play crucial role in the pathogenesis of C. difficile. The toxins are
structurally similar in size and genetically closely related; TcdA measures 8kb while TcdB
measures 7kb, and they both have approximately 63% amino acid relatedness (Christoph von
Eichel-Streiber et al., 1992).

Enterotoxin A (TcdA) and cytotoxin B (TcdB) are located in a 19.6 kb region of the

chromosome called the pathogenicity locus (PaLoc) (figure 2.5 A). Both toxins have similar
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structure consisting of an enzymatic A subunit and a receptor binding B subunit. The A
subunit is located at the N-terminal whereas the B subunit contains three domains: