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Abstract

Clostridium difficile infection (CDI) is an infection of the gastrointestinal tract causing
symptoms ranging from mild diarrhoea to life-threatening toxic megacolon. Between
10-30% of patients suffer a recurrent episode (rCDI) after an initial episode. Some
patients develop multiple recurrent episodes, leading to unpleasant cycles of disease
and antimicrobial therapy. This thesis utilises a multidimensional approach to study

rCDI.

In Chapter 2, previously generated clinical data is used to assess the effect of
treatment delay on two outcomes; diarrhoeal duration and risk of recurrence. It was
hypothesised that delays initiating treatment result in increased symptom duration and
recurrence risk. Logistic regression models highlighted treatment delay has no
significant effect on diarrhoeal duration or recurrence risk. The only significant variable
associated with risk of recurrence was previous CDI (P<0.001). These findings suggest

clinicians should not be overly concerned by treatment delays in mild/moderate CDI.

In Chapter 3, the germination and thermotolerance properties of five strains of C.
difficile spores were investigated. In the nosocomial environment spores may be
reingested by the patient, germinate and initiate fulminant disease. Additionally, spores
can persist in the gastrointestinal tract and germinate in response to stimulatory cues.
C. difficile spore recovery was optimised by using variety of media and supplements.
The ribotype (RT) 078 strain germinated more efficiently in the absence of additional
supplementation. RT 027/078 strains were more thermotolerant. Intrinsic differences in
spore germination characteristics between clades could facilitate the increased ability

of some strains to cause rCDI.

In Chapter 4, an in vitro gut model was used to simulate rCDI. Previous research has
characterised changes in the microbiota that occur in response to antibiotics. In this

study a metaproteomic approach was utilised to study the overarching metabolic



Vi
processes occurring during simulated rCDI. Although dysbiosis was evident, the

metaproteome remained fairly constant throughout simulated infection.
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Chapter 1 - Introduction

1.1 History & Presentation

Clostridium difficile is an anaerobic Gram-positive, spore forming bacillus first isolated
from the stool of an infant in 1935, originally being known as “Bacillus difficilis” (1). A
possible case of Clostridium difficile infection (CDI) was reported in 1892 in a patient
who developed diarrhoea after gastric surgery. Interestingly, the patient received a
local antiseptic (boric acid) prior to surgery (2). The increased association of
pseudomembranous colitis (PMC) with antibiotic treatment led to further work trying to
identify the aetiological agent (3). Work in the 1970s led to the conclusion that a
clostridial species present in the stool samples of four patients with PMC was
responsible for the cytotoxicity observed in tissue culture (4, 5). This was further
validated in hamster models. C. difficile was finally identified in 1978 as the agent
responsible for PMC; a toxigenic strain was isolated from a patient previously treated
with clindamycin (6). C. difficile toxin has subsequently found to be neutralised by the
actions of a Clostridium sordellii antitoxin, which is commonly used as a control in cell

cytotoxicity assays (7).

In the 1980s, environmental contamination and transmission of C. difficile within the
nosocomial environment was investigated due to the increasing incidence of CDI.
McFarland et al showed that 21 % of 311 patients culture negative at admission to a
single ward in an American hospital acquired C. difficile during hospitalisation (8). C.
difficile was also found on 59 % of the staff caring for culture positive patients. Since
then, many infection control measures have been implemented to decrease the
incidence of CDI, including patient isolation, staff gowning/gloving, improved hand
hygiene, environmental decontamination and antimicrobial stewardship (reducing use

of high-risk CDI antibiotics)(9).

CDl varies in presentation with mild diarrhoea being common, C. difficile has long been

identified as the main aetiological agent of PMC, a rarer and far more serious
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complication of the disease (3). PMC can develop into toxic megacolon, often
considered a surgical emergency, with fatality rates quoted between 38-80% (10). CDI
is defined by the occurrence of symptoms (typically diarrhoea) in addition to one of the
following; detection of stool toxin, toxigenic C. difficile or colonoscopic evidence of PMC
(9). CDI rates have been suggested to be over-reported when methods that detect the
organism (e.g. nucleic acid amplification tests for toxin gene), as opposed to those that
target free faecal toxin, are utilised for diagnostic stool testing (11). Toxin detection
methods potentially differentiate between active CDI and asymptomatic colonisation of
the organism, and this is now reflected in the recommendation for multi-step algorithms

in diagnostic stool testing (9, 12).

CDI is a major healthcare burden, causing significant morbidity and mortality. The
latest figures from the Office of National Statistics indicate that C. difficile rates in
England and Wales are declining since 2008, with fewer death certificates mentioning
CDI (13). The case fatality rate (30 day all-cause mortality) has decreased from 26.3 %
in 2007/8 to 15.2 % in 2017/18 in England (14). This is likely due to the changing
distribution of C. difficile ribotypes and interventions emphasising antimicrobial
stewardship. CDI is still a major problem; one Scottish study reported the average cost
of caring for an inpatient with CDI was £7500 compared to £2800 for non-CDI case
matched controls (15, 16). Treatment costs associated with CDI are related to ICU
treatment, non-specialised hospital ward stays, diagnostic testing, CDI antibiotics and
the implementation of infection control measures. This is not to mention the economic

costs associated with decreased patient productivity (17).

1.2 Epidemiology

CDI was regarded as a primarily nosocomial pathogen in the 1990s, occurring rarely,
particularly in the community. However, in the 2000s marked increases in CDIs were
observed in some settings, driven often by outbreaks of the highly virulent restriction

endonuclease type B1, pulse field gel electrophoresis NAP1, PCR ribotype (RT) 027
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strain (B1/NAP1/027), for example in North America and Europe (18). The UK
experienced an 027 outbreak at the Stoke-Mandeville hospital in 2003/2004 with 174
cases; CDI was a contributing factor to 19 deaths (19). CDI severity was also
increasing, coinciding with the 027 strain outbreaks (20-22). Thereafter, cases of CDI
in the UK have declined from 55,498 cases in 2007/2008 to 13,361 in 2013/2014 (23).
C. difficile is still a burden on the healthcare system with 12,480 cases reported in the
UK between April 2016 and March 2017(24). The proportion of cases assignable to the
027 ribotype has fallen since 2008, with an increase in the proportion of CDI
attributable to other ribotypes (25). One ribotype is usually responsible for outbreaks,
with increased antibiotic resistance being vital to the success of the strain in causing

disease (26).

There have been a number of factors proposed to have contributed to the emergence
of the RT 027 and RT 078 strains in recent years. The prescribing practices and
emergence of resistance to antimicrobial agents have been suggested as contributors
to the rise of epidemic strains. In the US, clindamycin resistance was found in a strain
responsible for an outbreak in four hospitals (27). Antibiotic stewardship and the
reduced use of fluoroquinolones in the UK coincided with a reduction in the proportion
of infections ascribed to the 027 strain (28, 29). Two 027 lineages have been described
(FQR1 and FQRZ2) both of which acquired a gyrA mutation encoding fluoroquinolone
resistance (30). Comparable stewardship measures have not been implemented in the
US, where numbers of CDIs continue to increase, with a substantial proportion still due
to the BL/NAP1/027 strain (31, 32). RT 106 is now the most commonly isolated strain
in CDI in the US (33). More recently, dietary trehalose has been postulated to play a
role in the rise of the RT 027 and RT 078 strains (34). Eight RT 027 and three RT 078
strains were found to exhibit improved growth in response to low concentrations of
trehalose, an effect not observed in other ribotypes. In a CDI mouse model, mortality

was greater in trehalose treated mice versus the control (34). The rise of the RT 027
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and RT 078 strains is likely multifactorial, depending on factors including, but not

limited to, fluoroquinolone use.

Community-acquired CDI is now being reported with greater frequency; there is
evidence suggesting community-acquired CDI is somewhat underreported (35). In one
study in the Netherlands, 18 % of community cases were found to be patients under 20
(36). This is likely due to a lack of clinical suspicion in the community setting;
particularly in patients under the age of 65. In one American population study, 41% of
CDI cases were found to be in the community (37). The median age of CDI patients in
the community was younger (50 vs 72) and severe CDI was less likely (20 % vs. 31 %).
One case control study found that in community cases, approximately a third of
patients had not been hospitalised or taken an antibiotic course in the previous month
(38). Having contact with a child younger than two was associated with CDI (P = 0.02)
(38). More recently, Fawley et al have demonstrated the similarity in ribotype diversity
between community and hospital associated CDI, although 027 was found to dominate

in healthcare settings (P = 0.02)(39).

1.3 Pathogenicity

C. difficile produces up to three major toxins, which are responsible for the symptoms
observed in CDI. The most studied toxins are the enterotoxin A and cytotoxin B,
monoglucosyltransferases that activate pro-inflammatory signalling pathways leading to
cell death of colonocytes (40). The genes responsible for toxin A/B production, tcdA
and tcdB are located on the C. difficile pathogenicity locus, PaLoc. C. difficile strains
are differentiated into ‘toxinotypes’ based on variation in the pathogenicity locus,

Paloc. Strains are compared to the reference strain VPI110463 (41).

The role of each toxin has long been debated, with earlier papers suggesting virulence
attributable to toxin A alone, with tcdB- tcdA+ mutants producing fulminant disease in
hamster models (42). However, contrasting results have validated the role of toxin B in

disease, with work suggesting toxin B alone can cause disease; increasing numbers of
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tcdA- tcdB+ clinical strains have been isolated from patients (40).The use of a novel
gene knockout system (ClosTron) to produce isogenic mutants found both toxins could
produce in vitro cytotoxicity, which translated to disease in an in vivo hamster model
(43). Knockout of both genes created an avirulent strain. Both toxins are important and
should be considered in the virulence of C. difficile. It should also be noted that
differences in toxin A/B exist and have been utilised in the identification of different C.
difficile strains. Faecal toxin A/B levels have been correlated with clinical severity in
one study (44). Patients with severe disease were found to have significantly higher
faecal toxin levels. In Canada, an 027 strain (toxinotype Ill) responsible for outbreaks
of severe disease was found to have in vitro production of toxins A/B 16 and 23 %

higher than a collection of toxinotype 0 strains (22).

The PalLoc pathogenicity locus also contains three regulators, tcdR (positive regulator),
tcdC (negative regulator) and tcdE, as well as the toxin A/B genes. Initially the
importance of these regulatory genes was overlooked, but recent work has suggested
the presence of a truncated TcdC protein leads to increased toxin production and in
vitro cell toxicity (45).The clinical importance of this finding is unclear. A strain with a
partial tcdC deletion was isolated in 84.1 % of patients in an outbreak in Quebec (20).
However, a cohort study studying 199 CDI patient isolates found no association
between clinical severity of CDI and the presence of the tcdC deletion (46). This lack of

association is supported by other clinical studies to date (47, 48).

However, the picture is complicated by the presence of another more recently
discovered toxin. Some C. difficile strains also produce a binary toxin (CDT), an actin
specific ADP-ribosyltransferase, encoded by the cdtA and cdtB genes (18), outside the
PalLoc locus. This toxin was first discovered in 1988 by Popoff et al (49). Binary toxins
are a well-recognised group within the Clostridial family, with homologous toxins
produced by a number of species including Clostridium perfringens and Clostridium
botulinum (50, 51). The toxin is made up of two independent subunits, the enzymatic

portion (CDTa) and the component responsible for membrane binding (CDTb)(52).
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Once bound, CDTa allows the cytosolic transit of CDTb, which disrupts the
organisation of the cell cytoskeleton (52). The role of CDT toxin in disease is unclear,
but the importance of this toxin is highlighted by a cohort of CDI patients infected with a
ribotype 033 strain that produces CDT in the absence of toxin A/B (53). More recently a
prospective multicentre study illustrated infection with binary toxin positive strains is

associated with increased all-cause mortality (54).

1.4 Recurrence

Recurrent CDI (rCDI) occurs in approximately 25 % of patients after successful
treatment with metronidazole or vancomycin (55). Patients may experience multiple
recurrences, requiring repeated cycles of antimicrobial therapy. This is a major patient
burden and healthcare cost. The reasons for recurrence are largely uncertain, with
some evidence indicating that long-term changes in indigenous populations secondary
to antibiotic use are responsible (56). Faecal microbiota transplantation (FMT),
otherwise known as faecal bacteriotherapy, has been recognised for several years as
an alternative treatment for rCDI. Superior cure rates compared to vancomycin have
been established (57). It is hypothesised restoration of a normal gut flora can prevent

reestablishment of CDI in the gut.

Other research has focused on the pathogen itself, with some C. difficile ribotypes
being documented more commonly in rCDI (58). It has been recognised that
germination of C. difficile spores is dependent on a humber of factors, most notably
factors in the environment. The discovery and investigation of “superdormant spores” in
Bacillus species (59, 60) generates new questions about possible superdormancy in C.
difficile. Bacillus subtilis is well characterised and is used as a model organism to
investigate spore biology (61). Superdormant spores could persist in the environment
and increase the risk of future reinfection. The morphology and sporulation pathways of

B. subtilis and C. difficile have been shown to be very different (62). C. difficile spores
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have a germination-specific protease receptor, CspC (63), compared with B.subtilis

that possesses three main germinant receptors, GerA, GerB and GerK (60).

Recurrence of Clostridium difficile infection can occur within two contexts; the
recrudescence of C. difficile spores persisting in the gut (relapse), or reinfection with
spores obtained from the environment (reinfection). Differentiating between the two is
challenging without further detailed analysis. Some evidence suggests a mixed picture,
with 33 % of recurrence attributable to different strains in one study (64). This picture is
further complicated by a proportion of patients harbouring mixed infection with distinct
C. difficile genotypes. Varying rates for recurrence due to relapse have been reported
in the literature, with relapse accounting for rates of ~52-88 % in recurrent CDI (65, 66).
The greatest risk of recurrence due to relapse is during the first 14 days after
successful treatment (67); greater time periods between initial and recurrent episodes
are associated with reinfection (68, 69). One study found the median time to a
recurrent episode of CDI was 26 vs 67.5 days (relapse vs reinfection) (69).
Differentiation between relapse and reinfection can be challenging, however, the
identification of reinfection within the nosocomial environment has important infection

control implications.

The use of PCR ribotyping has been hypothesised to lack the discriminatory power
required to detect reinfection with isolates genotypically similar to the original infecting
strain; several smaller studies using more discriminatory techniques suggested
reinfection accounting for ~50 % of cases of recurrence (65, 67). It had been previously
hypothesised that relapse may have been overestimated due to the use of less
discriminatory identification methods. However, one group comparing whole genome
sequencing (WGS) to PCR- based ribotyping in rCDI samples found consistency
between the results obtained. The majority of isolates causing relapse identified by
PCR ribotyping were within two single nucleotide variations of one another when
compared pairwise using WGS (70). Despite these findings, it was still concluded that

WGS is superior in discrimination between relapse and reinfection in CDI.
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The increased presence of certain ribotypes in recurrent disease is increasingly being
documented. Several studies have shown restriction-endonuclease (REA) B1 strains to
be a risk factor for recurrence (58, 71, 72). Analysing CDI cases from 82 patients using
multi-locus variable number tandem repeat analysis (MLVA), initial infection with the
hypervirulent strain 027/B1/NAP1 was identified as a statistically significant risk factor
for relapse (P = 0.008) (68). This highlights not only an association of RT 027 strains
with recurrence, but recurrence due to relapsing disease. One suggestion for this
association could be increased sporulation in RT 027 isolates; increasing the potential
number of spores produced during infection within the host. Some work initially tried to
support this notion, but was limited by the small number of isolates tested (73). More
comprehensive work has since provided further evidence of hypervirulent RT 027
strains sporulating earlier and more extensively (74), although all of the above

experiments were in vitro, limiting the conclusions that can be drawn.

Increased frequency of other ribotypes has also been documented in the case of
relapse. RT 001 strains were found in 36 % (9/26) of relapsing patients in one Swedish
study (75). RT 001 strains are endemic and frequently encountered in Eastern Europe
(76). Interestingly, by comparing hospitalised patient data the same study theorised an
increased nosocomial transmission rate of RT 001. This reinforces the notion that
strains implicated in relapsing disease (RT 001, 027) (68, 75) could have enhanced
sporulation, thereby increasing spore levels in the host and the environment. However,
in Korea, a country with low RT 027 incidence, RT 017 and RT 018 strains were
associated with the highest rates of relapse in one study (69). Hypervirulence (as has
been postulated for RT027 strains) does not account for the high relapse rates
observed; RT 017 and RT 018 strains have not been implicated thus far in severe CDI.
A comparative assessment of these strains in relation to clinical outcome needs to be
carried out. Although strains may be associated with increased relapse rates, it is

imperative to consider the demographic of a population in which this is occurring, as
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regional differences in prescribing and initial infection demographics may have a

bearing on recurrent CDI.

In the case of recrudescent disease, spores must remain in the host gut and proliferate
in response to favourable conditions. It has been demonstrated that C. difficile
vegetative cells can adhere to Caco-2 cells and extracellular proteins in vitro (77).
Contemporary work has also described spore adherence to Caco-2 cells, and has also
identified the two potential proteins responsible for this interaction (78). Additionally, in
C. difficile spores bound to Caco-2, HeLa and HT-29 cells, no significant germination
was observed (79). This concurs with the current evidence on germination that spores
germinate favourably in response to bile salts. The presence of human colonic
epithelial cells alone is not necessarily sufficient. Previous work has demonstrated the
persistence of two different morphotypes of C. difficile spores produced from one
culture (80). These two morphotypes were present in both biofilm and planktonic
cultures. The spores from biofilm cultures were found on average to have a thinner
exosporium compared to spores from planktonic cultures. It is reasonable to speculate
that spores produced in biofilms may have different properties from those produced
from planktonic cells, thereby altering the ability of spores to attach to host cells.
Although these experiments are in vitro, they suggest a potential mechanism of

recurrence whereby spores could be capable of prolonged attachment in the gut.

Although research has focused on the pathogen, host factors should not be ignored in
the context of recurrence. It has been shown previously that a strong immunological
response to toxin A in initial CDI reduces the chances a recurrent episode (81).
Approximately 60 % of the populations have serum IgG and IgA active against toxin A,
but only 2 % of the population are carriers (82). An antitoxin A vaccine trialled in 3 rCDI
patients produced statistically significant serum IgG levels and prevented recurrence in
all patients up to 22 months after (83). Low levels of serum antitoxin A and antitoxin B
have been associated with increased risk of recurrent disease (84). These studies

suggest that an inadequate response to initial CDI predispose to recurrent disease. If
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high risk patients are identified at an early stage, steps may be taken (for instance,
careful antibiotic selection) to reduce the risk of rCDI. It could be the case that
susceptibility to CDI and subsequent rCDI may begin in childhood; a recent study found

high levels of toxin A/B antibodies in the sera of colonised infants (85).

One group characterised C-reactive protein (CRP) levels in response to initial and
recurrent episodes of C. difficile; their findings suggest patients suffering a relapse
produce statistically significantly lower levels of CRP in their first episode of CDI than
those suffering reinfection with a different strain (86). It may be that in patients with a
reduced immunological response against initial CDI, a failure in producing
immunological memory predisposes to future infection with the same strain.
Interestingly, it has been shown that commensal clostridia are able to modify and
manipulate the host innate immune system; germ-free deficient mice have a reduced
number of IgA-producing cells compared to those treated with commenal clostridia (87-
89). As well as the importance of the host immune response to C. difficile in predicting
rCDI, other species may modulate the immune response, providing a potential
explanation for the efficacy of faecal microbiota transplantation. Future work focusing
on the immunological component of infection could serve to provide clinicians with

diagnostic tools capable of predicting the risk of recurrent CDI.

1.5 Risk Factors

The greatest risk factor for initial episodes of CDI is the use of antibiotics. Hamster
models conducted in various research groups revealed this role in 1978 (3, 5). Later
investigation has proved supportive of this conclusion, with a broad range of antibiotic
classes provoking CDI in hamsters carrying C. difficile (5, 90). Clindamycin, an
antibiotic commonly used currently to simulate CDI in various in vivo and in vitro (91,
92) experiments was found early on to have a prolonged tendency compared to other
antibiotics to cause CDI. This has been replicated in more recent work investigating gut

microbial population changes after antibiotic administration (93). A meta-analysis
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performed in 1998 conclusively associated antibiotics with risk of CDI (94). A
mechanism for C. difficile proliferation after antibiotic instillation has been
hypothesised; microflora disturbances secondary to antibiotic usage allow C. difficile
spores to germinate. Due to disruption of the existing populations, colonisation

resistance to C. difficile is lost and vegetative cells are able to proliferate.

Fluoroquinolones have been identified as high-risk antibiotics in predisposing to CDI,
with a range of other classes constituting an intermediate risk (95). As such, clinical
guidelines now recommend clinicians consider restricting the use of fluoroquinolones,
clindamycin, and cephalosporin use (9). Different classes of antibiotics have been
found to differentially affect bacterial gut populations, with some antibiotics being low
risk (e.g. gentamicin) because of little activity against anaerobes. In contrast, the
fluoroquinolone enrofloxacin is associated with changes in 32 different bacteria groups
(96, 97). Interestingly, one study found that antibiotic instillation in mice (kanamycin,
clindamycin, cefoperazone, vancomycin) was associated with a decrease in
Lachnospiraceae and Ruminococcaceae family organisms; concurrent metabolomics
revealed a decrease in the abundance of secondary bile acids, which are inhibitory to
C. difficile (98). Buffie et al have demonstrated that Clostridium scindens is protective
against CDI in mice due to its function; 7a-hydroxylation of primary to secondary bile
acids (93). Antibiotics may predispose to CDI by their differential effects on the gut
microbiota; different families are likely to be involved in dissimilar functional and

metabolic functions.

Another well recognised risk factor for CDI is advanced age. CDI rates were 13 times
greater in patients over the age of 65 vs patients in the 18-44 age range in 2011 in the
US (31, 99). Older patients are more likely to suffer from other diseases and the
association between age and CDI incidence is still statistically significant when
confounders are accounted for. It is unsurprising that advanced age is a risk factor for
CDlI, the microbiome changes throughout human life, with an overall reduction in the

Shannon diversity, an index used to measure diversity within a bacterial community.
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When compared with a younger population (30-60), older populations (70-100) have a
stepwise increase decade by decade in the proportion of Proteobacteria phylum
organisms, as well as an increased proportion of Bacteroidetes (100). However, large
scale studies assessing the effect of ageing on the microbiome of populations from
multiple demographics and locations have not been performed. As well as differences
in the microbiome, older individuals generally have an impaired immune response and

potentially lower levels of circulating antibodies against C. difficile (101) .

Diet is factor that has recently been considered in the pathogenesis of CDI. Zackular et
al used a mouse model to infer the detrimental effect of high concentrations of zinc
(1,000 mg/kg) on the diversity of the gut microbiome (102). In addition, a high zinc diet
caused an increase in colonic inflammation and increased toxin titres in CDI (102).
Dietary zinc binds to the protein calprotectin, a protective protein that sequesters
metals away from pathogens (103). Higher titres of calprotectin have been associated
with an increased severity of CDI (104, 105). These findings are isolated and must be
confirmed by more reliable study types. But it is unsurprising diet influences the
microbiome; individuals can be identified as having a ‘Western’ lifestyle with high
reliability on their gut microbiota alone (106). Diet is likely to be a factor influencing the

structure of the human gut microbiome.

In terms of risk factors for rCDI, a 2015 systematic review and meta-analysis combined
the findings of 33 eligible multivariate studies to elucidate relative risks (RR); age = 65
years (RR 1.63), additional antibiotic during follow up (RR 1.76), PPI use (RR 1.58) and
renal insufficiency (RR 1.59) (107). Risk factors were only included in this systematic
analysis if they were present in 3 or more of the studies included in the analysis. Other
risk factors could therefore play a tangible role in rCDI. The multifactorial nature of
disease in individuals is further reflected in the inability of a model constructed from

150 variables to correctly predict disease recurrence (108).

Having had a previous episode of recurrent disease significantly increases your risk of

having a further recurrence, with two or more recurrences doubling the risk (101).
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Repeated cycles of antibiotics will lead to a prolonged dysbiosis and predispose
individuals to rCDI through loss of colonisation resistance. As with initial CDI, rCDI risk
factors are likely to be multifactorial; a small study in humans found rCDI patients have
elevated primary bile acid levels in stool compared to initial CDI and controls (109).
Although meta-analyses have been performed providing estimates of risk, high levels
of bias and confounding still exist in in the evidence base used to generate measures

of risk (99).

1.5.1 Potential C. difficile reservoirs

The source of the pathogen in community acquired CDI is unclear, but a number of
potential reservoirs have been identified, including animals, the environment and food.
C. difficile has been isolated from domesticated pets and their living spaces (110-112),
horses, camels, donkeys, poultry and pigs (113). RT 078 strains have been isolated
from pigs with high prevalence (80 %) (113, 114). Recently, Knetsch et al (2018) used
whole genome phylogeny analysis to highlight high levels of geographical clustering
between human and animal derived RT 078 strains, with evidence of bidirectional
(animal to human and vice versa) and international transmission (115). This is an
important study indicative of the transmission of the highly pathogenic RT 078 between
humans and animals. Greater mortality rates have been reported in RT 078 when
compared with the hypervirulent RT 027 (116). The prevalence of infection with a RT
078 strain has increased, particularly in the Netherlands but also in the UK since the

mid-2000s (114).

Within the food industry C. difficile spores have been isolated from a variety of meat
products, cooked and uncooked, including ground beef, chicken, chorizo, sausage and
pork (117-119). Although many studies have not assessed overall spore burden within
meats, 20-60 spores/g have been reported previously (120). One study found a

greater prevalence of C. difficile in ‘ready-to-eat’ meats (47.8 %) when compared to
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uncooked meats (40.0 %)(117). Sub lethal heat shock has also been found to ‘select’

for the RT 078 (121).

In addition to the isolation of C. difficile directly from food, one Western Australian
study isolated C. difficile from 26.7 % of gardening products (fertilisers and soil
conditioners) with 45.9 % of isolates demonstrating toxigenicity (122). The same group
also found a high prevalence of C. difficile (~30 %) on root vegetables from farmers
markets and retail stores in Western Australia, half of which were toxigenic strains
(123). In a French study, salads were also found to be a source of C. difficile. C. difficile

has also been isolated from swimming pools, lawns and soils (124, 125).

The potential interplay between food and animals is highlighted by the finding of C.
difficile in food consumed by pets (126-128). However, toxigenic C. difficile was only
isolated from one sample (1/25) compared to a 20 % rate for C. perfringens (5/25) in
one study (128). The use of fertilisers in the production of food produce also highlights
the ‘crossover’ and interplay between two identified reservoirs. Although C. difficile has
been isolated from animals and food products, both cooked and uncooked, further work
is required to demonstrate the relevance of these reservoirs in clinical disease in
humans. As well as the non-human reservoirs identified above, a substantial
percentage (~0-15%) of the human population are asymptomatic carriers of C. difficile
(129-132). Clearly interplay and crossover exists between the reservoirs identified

previously and the asymptomatic carriage of C. difficile in the human population.

To summarise, C. difficile is increasingly becoming a pathogen of concern in the
community. In the case of reinfection, it is possible some or all of the reservoirs
discussed could be implicated in rCDI. The isolation of C. difficile from cooked meats
suggests further detailed investigation of the effects of heat on C. difficile spores is

required.

1.5.2 Treatment
1.5.2.1 Antibiotics
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Antibiotics are the standard treatment of choice for CDI, with vancomycin and
metronidazole emerging as first line antibiotics in the 1980s (133). Comparable rates of
disease resolution in first episodes of mild CDI are observed (98 % vancomycin vs 90
% metronidazole)(134). However, recent studies have established the inferiority of
metronidazole vs vancomycin in clinical success of treatment of CDI (P = 0.02, 72.7 %
vs 81.1 %) (134, 135). Historically, metronidazole has been used as a first line agent in
more moderate disease with vancomycin being reserved for more severe disease. The
same therapeutic agent was prescribed in the case of a recurrent episode (136). Based
on an evaluation of the evidence, clinical guidelines now recommend the use of
vancomycin or fidaxomicin over metronidazole in a first case of CDI (9). In the case of
recurrent episodes, vancomycin tapering/pulse therapy is recommended in the UK (9)
(137). This consideration is informed by the superiority of tapered and pulsed doses of
vancomycin in treating rCDI (101). However, it should be noted the evidence base is
weaker than in the case of recommendations made for initial episodes. Using pulsed or
tapered fidaxomicin dosing regimens has also proved to be successful; reducing C.
difficile and toxin levels in an in vitro gut model, perhaps reducing the potential for
recurrence (91). All fidaxomicin regimes were sufficient to resolve CDI. In the EXTEND
clinical study extended-pulsed fidaxomicin therapy was superior to vancomycin for

reducing recurrence (138).

Fidaxomicin, a macrocyclic narrow spectrum antibiotic previously known as OPT-80,
has emerged more recently as a new drug for CDI. Preliminary activity against 207 C.
difficile strains in vitro was observed in 2004 (139), and in recent times fidaxomicin has
demonstrated non-inferiority to vancomycin in clinical trials in the USA and also in
Europe (140). The main advantage of fidaxomicin treatment has been the reduced
incidence of recurrent disease. Microbiota disturbances produced by fidaxomicin are of
a reduced magnitude than those produced by vancomycin; particularly reductions in
Bacteroides and Prevotella genera organisms (141). Vancomycin has a greater effect

on the diversity of the microbiome resulting in a less diverse microbiota compared to
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the use of fidaxomicin. The importance of the spared species and their significance in
recurrent CDI is the focus of ongoing research. It is hypothesised the reduced
microbiota disturbance promoted by fidaxomicin administration is responsible for the
decreased rates of recurrence observed. Although fidaxomicin decreases recurrence
rates, it is more expensive than the alternatives; however, a study in Canada estimated

each recurrence avoided cost $13,202 (142).

Other antibacterial agents that have been and continue to be studied for the treatment
of CDI include ramoplanin, teicoplanin, rifaximin, ridinilazole, nitrazoxanide, fusidic acid
and rifampin (143). Antibacterial agents that reduce the incidence of recurrent episodes
are of particular interest. Ramoplanin is a glycolipodepsipeptide antibiotic that binds
lipid II, thus preventing the formation of the cell wall. In 2004, a phase Il trial found
rates of disease resolution to be comparable between vancomycin and ramoplanin
treated patients (84 % vs 86 %), with similar rates of recurrence. Due to the study
being open-label and harbouring a small n size, superiority of ramoplanin to
vancomycin could not be established. This data suggest that ramoplanin may not be
suitable in preventing recurrences. In vivo and in vitro observations support the efficacy
of ramoplanin, which has been found to be comparable to vancomycin in CDI
resolution in both hamster models and an in vitro gut model (144). Importantly
ramoplanin appeared to reduce spore shedding and decreased the recovery of spores
from stool when compared to vancomycin treatment. This phenomenon was recreated
in 2015; C. difficile spores exposed to 300 ug/ml ramoplanin showed no outgrowth
when plated on solid agar (145). Reduced spore load and recovery provide a feasible
mechanism for recurrence reduction, as is the case in fidaxomicin. Ramoplanin is yet to
be evaluated in phase lll trials. Furthermore, ramoplanin derivatives have been isolated
from other members of the Actinomycetales order of bacteria; ramoplanin is produced
by Actinoplanes sp. ATCC 33076 (146). The closely related teicoplanin has been found
to be helpful in severe refractory CDI (147) and has previously been found to be

associated with reduced recurrence rates when compared with metronidazole, fusidic
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acid and vancomycin (148). These compounds could be more efficacious than

ramoplanin in treating CDI; reducing the incidence of recurrence.

Several drugs in the rifamycin class have been investigated for their potential benefits
in rCDI, including rifaximin, rifampin and rifalazil. Rifamycins bind to prokaryotic DNA-
dependent RNA polymerase with high affinity, preventing RNA synthesis. Due to the
nature of this inhibitory mechanism, levels of resistance are high and as such
rifamycins are often used in combination with other antibiotics. Spontaneous mutations
in the rpoB gene (ribosomal polymerase gene) occur readily, mediating resistance. In a
retrospective analysis 53 % (17/35) of rCDI patients had no recurrence 12 weeks after
rifaximin therapy after routine metronidazole/vancomycin treatment (149). In an earlier
study, 7 out of 8 women who had previously suffered 4-8 rCDI episodes suffered no
further relapses after a two week course of rifaximin immediately following vancomycin
(150). Perhaps the most concerning discovery of this small study is the high rifaximin
MIC encountered in the patient who required a second round of rifaximin therapy.
Rifaximin has also been used as a first line agent in a prospective small open label
study; of the 8 patients who completed the study all were clinically cured and 7 were
free of recurrence up to 162 days post-CDI (151). The largest study to date compared
rifaximin vs placebo as a chaser therapy in a randomised, blinded pilot study enrolling
68 patients (152). Patients given rifaximin experienced a decreased recurrence rate (15
%) vs the placebo (31 %). Although promising, due to the lack of larger clinical trials
and the possibility of resistance, rifamycins such as rifaximin cannot currently be

recommended as a first line or chaser therapy for rCDI.

Oxazolidinones are another class of antibiotics that have shown promise in treating
CDI and preventing recurrence. This class of antibiotics exert their antimicrobial effects
by binding to the 50S subunit of the bacterial ribosome and preventing protein
synthesis. The oxazolidinone antibiotic cadazolid has been demonstrated to be highly
active against 100 C. difficile isolates including 30 epidemic strains; cadazolid also

proved to be effective in treating simulated CDI in an in vitro gut model, with no signs of
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recurrence (153). A phase Il randomised, double-blind study including 84 first
recurrence patients also illustrated the clinical non-inferiority of cadazolid to
vancomycin in the treatment of CDI/rCDI (154). In addition, cadazolid treated patients
harboured lower recurrence rates vs vancomycin (18.2 to 25.0 % versus 50 %).
However, a statement by Actelion indicated cadazolid reached the primary endpoint
(resolution of disease) in IMPACT 1 but not in IMPACT 2 (155). Both IMPACT 1 and
IMPACT 2 were phase llI clinical trials. Due to cadazolid not reaching its primary

endpoint, its continued development is unlikely (156).

One of the most promising agents in development is ridinilazole. Ridinilazole
(SMT19969) is a small molecule antibiotic with a very narrow spectrum of activity (157,
158). The mechanism of action is not fully understood, but one study found cell division
ceased on exposure to ridinilazole (159). The same study also found ridinilazole
significantly reduced levels of both toxin A and toxin B at sub-MIC concentrations. In a
phase Il trial (CoDIFy) recruiting 100 patients, recurrence rates were 14% for patients
treated with ridinilazole compared to 35 % in the vancomycin group (160). Ridinilazole
was also superior to vancomycin for sustained clinical cure. The antibiotic has also
been found to be well tolerated with adverse events reported to be mild in severity
(161). The high tolerability, narrow spectrum of action, efficacy in reducing recurrence
and low systemic absorption make this a promising potential treatment. Phase lI

studies are planned to commence in 2019.

1.5.2.2 Faecal microbiota transplantation

FMT has been documented as a treatment since the 1950s for pseudomembranous
colitis (162), and is increasingly being evaluated as a CDI treatment, particularly for
patients exhibiting persistent rCDI. FMT alongside antimicrobial therapy is now
recommended by European guidelines for the treatment of non-responsive rCDI (163).
A wide variety of administration protocols have been utilised; FMT infuses donor faeces

either by nasogastric tube, colonoscopy or enema into the patient’s gastrointestinal
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tract with the aim of reconstituting the patient’s microflora. Antibiotics have wide
ranging detrimental effects on the gut microflora, which is believed to interrupt the
‘colonisation resistance’ of the host to pathogens such as C. difficile. It is believed FMT
reconstitutes the patient’s gut with a ‘healthy’ microflora from a donor. When 4 patients
with rCDI treated with FMT were followed up for 84 days, 16s-rRNA sequencing
highlighted the similarity of patient and donor microbiome immediately after FMT (164).
Pre-FMT samples were found to have high levels of Proteobacteria and low levels of
Firmicutes and Bacteroidetes phyla organisms. Interestingly both donor and recipient
microbiome profiles diverged significantly over the long term. These results are limited
by the low number of patients in the study and the lack of diversity in donors; all

patients received FMT samples from the same donor.

Although FMT had been identified as a promising treatment for rCDI, up until 2011,
systematic reviews found there were no randomised controlled studies available
comparing FMT to other treatments (165, 166). Before 2012, ~13 different studies had
studied FMT as a treatment for rCDI (64), with cure rates ranging from 81-100 %. Since
2012, two randomised control trials have been carried out to assess FMT for treatment
of rCDI. The FECAL study was carried out in 2013, and involved randomly assigning
patients to three treatment arms; vancomycin treatment followed by bowel lavage and
duodenal infusion of donor faeces, vancomycin with bowel lavage, and vancomycin
alone (57). Eighty-one percent of patients had disease resolution in the duodenal
infusion group vs. 31 % and 23 % in the other groups, respectively. Although
promising, this study was open label, had a fairly low number of participants and also
excluded a number of groups from the study. The results of the second randomised
trial were published in 2016; a double-blind, randomised control trial comparing
autologous stool FMT (n = 24) to donor stool FMT (n=22) in for treatment of rCDI (167).
Overall, resolution of rCDI occurred in 91% of patients treated with donor faeces and
63% with their own. There were big differences in resolution rates of rCDI between

sites for autologous FMT, with one site reporting 90 %. It is unclear why recycling a
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patient’s own stool via FMT could be curative for rCDI. Nevertheless, both of these

randomised control studies support the use of FMT for treatment of rCDI.

A systematic review found that differences did exist between the different methods of
transplant instillation; lower Gl instillation had a resolution rate of 89-96 % vs 76 % in
upper Gl infusion (168). There were also differences in resolution observed between
transplants prepared with different diluents (saline, water, milk) and in different
volumes. A statistically significant difference in efficacy has been demonstrated
between colonoscopy and nasogastric tube administration in an open label randomised
trial (169). However, it should be noted that this trial only involved 10 patients in each

arm and larger clinical trials are necessary.

The changes associated with antibiotics may be associated with a loss of metabolic
function in the microbiota. One study found that when comparing pre-FMT stool
samples to post-FMT and donor stool samples not only was there a statistically
significant decrease in the Shannon diversity index, but a significant shift in the bile
acid profile (170). The same group later confirmed this associated with in vitro studies;
10 C. difficile clinical isolates failed to germinate and outgrow in the same bile acid
profile environment as the post-FMT stool samples (171). Distinct differences in the bile
acid profiles of patients presenting with an initial case of CDI and rCDI have also been
investigated; a study involving 60 patients (20 CDI, 19 rCDI, 21 controls) managed to
distinguish CDI from rCDI patients correctly 84.2 % of the time (109) based on

deoxycholate: glycursodeoxycholate stool ratios alone.

These studies illustrate a potential metabolic mechanism for the efficacy of FMT, 7a-
hydroxylation of primary bile acids into inhibitory secondary bile acids. However, this
model is too simplistic as some primary bile acids are inhibitory to spore germination
(e.g. chenodeoxycholate) and some secondary bile acids are stimulatory to spore
germination (e.g. deoxycholate). In normal healthy patients chenodeoxycholate is
metabolised to another inhibitory bile acid, lithocholate. In antibiotic treated patients 7a-

hydroxylating species such as C. scindens may be absent, and chenodeoxycholate is
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more rapidly taken up by colonocytes than cholate, ensuring a higher ratio of
cholate:chenodeoxycholate favouring germination (172). More recently taurocholate
mediated germination (0.1 %) been shown to be significantly different in a number of
clinical strains in the presence secondary bile acids; there are almost certainly
differences between the response of different strains (173). These results should be

considered carefully, as they are from in vitro work.

The creation of a donor bank of frozen faeces could be a viable option in the future
(Openbiome)(174). This would make FMT available for clinicians in their practice;
currently, outside of the US/Canada, FMT is not widely available. One study assessing
the viability of faeces frozen with 10 % glycerol for 6 months found no statistically
significant decrease of six bacterial groups (Bifidobacteria, E. coli, total coliforms,
Lactobacilli, total anaerobic bacteria, total aerobes), and stools frozen for >2 months
were used to clinically cure 16 patients (175). The same study also underlined that
faeces frozen in minimally nutritious conditions (saline alone) suffers microbial
degradation over time. Only 16 patients were included in this study and there was no
comparator. Other open label studies supported these findings; with an overall cure
rate of ~90 % achieved (169, 176). Interestingly, clinical cure was also observed in 3
children; the majority of studies only include adults. The aforementioned studies were
small pilot studies; the conclusions were quite limited due to low n size, no comparators
and no blinding. More recently, a double-blinded, randomised clinical trial compared
fresh and frozen faeces by enema for treating rCDI (177). Non-inferiority of frozen
faeces for clinical cure was observed (83.5 % for the frozen FMT group and 85.1 %

fresh faeces) indicating the feasibility of frozen faeces for FMT.

However, FMT should be used only with considerable deliberation. Clearly,
colonoscopy can only be carried out by a trained physician, and there is a small risk of
perforation and bowel injury. In addition, although donor faeces are screened for
infectious diseases, there is still a small transmission risk. The role of the microbiota in

gastrointestinal diseases and autoimmune disease is increasingly being appreciated
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(178) and donors should not suffer from these ailments (179). Transplantation of a
‘normal’ individual’s microbiota into a patient could still represent a risk. A fundamental
and thorough understanding of the interactions in the gut is absent and needs further
investigation. In the future it may be possible for targeted therapy rather than the
‘shotgun’ approach of FMT. For example, same species strains from donor and
recipient have been found to coexist, but new species do not readily establish
themselves in the recipient gut microbiome (180). Detailed strain specific knowledge of
donor and recipient could allow targeted therapy for establishment of desirable

populations.

FMT is clearly an exciting and promising therapy for rCDI, but it is not appropriate for
the vast majority of patients. Microbiota-host interactions are still not fully understood,
and a risk of prospective problems such as metabolic syndrome, cancer and
cardiovascular risk in recipients is recognised. These considerations manifest in clinical
guidelines, where FMT is indicated only in cases where appropriate antibiotic regimens

have failed in 3 or more cases (9).

1.5.2.3 Probiotics

The term probiotic was introduced in 1965 by Lilly & Stillwell to describe protozoan
stimulatory molecules (181). The first instance of its contemporary usage was by
Parker in 1974 to describe growth enhancement in animals by microbial
supplementation (182). A historical definition of probiotic was devised in 1991 by Fuller;
“A live microbial feed supplement which beneficially affects the host animal by
improving its microbial balance”(183). This definition has some weaknesses, notably
what an improvement in ‘microbial balance’ actually entails. In contemporary
microbiology the term ‘probiotic’ has become somewhat controversial, particularly
regarding ethical implications in the food industry. There are widespread
misconceptions by the public due to the manufacturing of supplements that have
exploited the term probiotic. This has led to extensive discussion and deliberation by an

international expert panel on what is admissible as being labelled a ‘probiotic’ and what
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is not (184). In addition, a 2016 systematic review of seven randomised control trials
found no significant differences in diversity of microbiota of healthy adults
supplemented with probiotics compared to placebo (185). Although no conclusive
evidence exists which demonstrates a beneficial effect of probiotics on healthy

patients, this does not discount probiotics being effective in the context of CDI.

A number of species have been investigated in the prevention of antibiotic associated
diarrhoea (AAD) including Lactobacillus, Bifidobacterium, Enterococcus, Bacillus and
Saccharomyces species. A systematic review and meta-analysis of 63 randomised
control trials found a relative risk ratio for AAD of 0.52 in patients treated with a
probiotic during concurrent antibiotic therapy (186). Although this indicates a beneficial
effect of probiotics on diarrhoea prevention, many of the studies included in the
analysis used different strains of the same species; varying formulations and patients
were often on different antibiotics and had diverse comorbidities. Differences in the
reconstitution of an antibiotic disrupted gut have been illustrated in a mouse model;
different Lactobacillus strains were more effective at rebuilding a diverse microbiome
(187). More research is required to individually elucidate the efficacy of each strain

used.

The inhibition of in vitro C. difficile growth by other microorganisms was reported in the
1980s (188). When the term probiotic is applied to C. difficile, it is generally considered
to describe populations that could; a) decrease the risk of developing CDI in antibiotic
induced dysbiosis, b) treat the underlying C. difficile infection or ¢) decrease the risk of
a recurrent episode. In the case of a) and c), the probiotic strains may counteract the
deleterious effects of antibiotics on the gut microflora and restore colonisation
resistance. In the case of b) any probiotic strains would be assumed to have an
inhibitory effect on some aspect of the C. difficile life cycle. In 2005, a meta-analysis
investigating the use of probiotics in the treatment or prevention of CDI found no
substantial evidence for probiotic use, possibly due a low number of eligible studies

and a high level of methodological heterogeneity (189). However, a more recent larger
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meta-analysis (26 randomised control trials included) found that adjuvant probiotic
therapy significantly decreased the risks of both AAD and CDI by 45.8 and 60.5 %
respectively (190). This is in accordance with a previous meta-analysis in 2013 which
found a 64 % CDI reduction in adults and children (191). The timing of administration
has also been investigated with metaregression analysis of 19 studies finding a
decreasing efficacy of probiotics the longer probiotic administration is delayed from
antibiotic treatment onset (192). However, all of the cited studies suffer from the same
methodological flaw; primarily that they analyse studies using a wide range of different
species and strains. Further work is required to elucidate important species and at what

dose and duration they are efficacious in the prevention of CDI.

The mechanism of action of probiotics is unclear, particularly as different species and
strains have been used. Different mechanisms could exist for the different species
used. The strain used in a probiotic is important, different subspecies of Lactobacillus
have shown varying efficacy in the prevention of AAD. The PLACIDE study, a
randomised, double-blind placebo controlled trial found no effect of a mixture of
Lactobacillus and Bifidobacterium strains (two strains of Lactobacillus acidophilus,
Bifidobacterium bifidum and Bifidobacterium lactis) on prevention of AAD or CDI (193).
On the other hand, this study only investigated a few species and strains, and cannot
be extrapolated to discount other species/strains. One group illustrated in a mouse
model that some Lactobacillus strains offered protection through their high
fructooligosaccharide metabolism and cell adhesion properties (187). Efficacious
probiotics increase the diversity of the microbiota and consequently increase the
production of antimicrobial short chain fatty acids (SCFAs) which potentiates protection

against pathogenic species and fosters a diverse microbiota.

Pre-inoculation twice daily for two days with 107 vegetative cells of a non-toxigenic
strain of C. difficile (CD37) successfully prevented CDI in mice with a hypervirulent 027
(UKB) (194). This study had a low n (10) and was carried out in mice so it is unclear

how relatable this is to human patients. Bifidobacterium longum ATCC15707 inhibited
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C. difficile growth in vitro and in vivo; mice receiving live cells of B. longum had a 70 %
survival rate vs 40 % in the case of CDI (195). Bifidobacterium longum produces a
range of acids including lactate, acetate and formate and in in vitro experiments pH
was deemed responsible for the inhibition of C. difficile growth. The non-pathogenic
yeast Saccharomyces boulardii has also been investigated a probiotic for CDI; in 1999
the proteolytic cleavage of toxin A/B by an S. boulardii protease was discovered (196).
Other mechanisms include colonic receptor destruction. In a double-blind randomised
control trial, S. boulardii administration alongside vancomycin produced a recurrence

rate of 16.7 % (3/18) vs 50 % (7/14) for vancomycin alone (P = 0.05)(197) .

As well as the administration of live vegetative organisms, there is increasing interest in
the administration of spore preparations. Spore preparations avoid the negative stigma
of FMT and also circumvent the unpleasant side effects of FMT such as ‘faecal
belching’. Spores also have an increased ability to survive the low pH inherent in the
stomach, in contrast to vegetative cells (198, 199). Stomach acid acts as a barrier to
bacterial entry and colonisation of the gastrointestinal tract (200). It is hypothesised
ingested spores germinate and reconstitute the gastrointestinal tract in vegetative form,
as in FMT. Recently, a novel spore preparation called SER-109 containing Firmicutes
organisms was produced from 7 healthy donors (201). A group of 30 rCDI patients
(mean previous rCDI episodes = 3) were treated with either a dose of ~1.9x10° on two
days or 1.1x10% spores on one day after successful antibiotic treatment of CDI. After 8
weeks follow-up, 86.7 % of patients experienced no recurrence. Unfortunately, this
work had major limitations; a lack of a suitable placebo arm and the open label design
of the study limit its impact. SER-109 failed to show efficacy in the phase I
ECOSPOR™ study (202), probably because of issues concerning use of a suboptimal
CDI diagnosis method and a single rather than repeat dose of SER-109, but is now
undergoing phase lll testing after modification. The initial study does provide further
evidence that spore preparations could be a feasible alternative to FMT in the future for

rCDI.
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The literature discussed suggests a role for probiotics in the prevention of initial CDI.
Probiotics could not be recommended for all patients on antibiotics until further work is
carried out elucidating effective species and dosage. In addition, there is a scarcity of
literature regarding the use of probiotics in rCDI. The use of prophylactic antibiotics is
not recommended under current clinical guidelines due to the low quality and scarcity

of literature (9).

1.5.2.4 Alternatives
The efficacy of treatments including antimicrobials, probiotics and FMT are primarily

due to their effects on the microbial compaosition of the gut. This is achieved by

rectifying dysbiosis by reconstituting the microbiota with FMT or probiotics. However,
CDI and rCDI are mediated through the injurious actions of toxins on the large colon.
As such, a number of alternative therapies targeting the toxins themselves have been

investigated and some have shown limited success.

Direct neutralisation of the toxins has become an avenue of exploration. The
manufacture of monoclonal antibodies (MAbs) directed against the C. difficile toxins
has become of increasing interest; by blocking the actions of toxins disease cannot
recur. Three-thousand non-CDI human sera samples were tested for activity against
toxins A/B; 8 samples showed activity. B cells were isolated and the variable region of
the produced IgG was cloned and used to produce recombinant MAbs (203). Three
different antibodies were manufactured (2 anti-toxin B, 1 anti-toxin A) and administered
alone and in combination, protecting against mortality 100% in a hamster model when
used in combination. However, the MAbs offered no protection alone or in combination
when used against a more hypervirulent strain. Clearly, rodent models of CDI are
limited in scope; hamsters are exquisitely sensitive to toxigenic strains of C. difficile and
disease does not mirror that in humans. As well as targeting the toxin, some work has
shown a median decrease in recurrence of 2 days in hamsters treated with an anti-
spore immunoglobulin Y (chicken derived) (204), highlighting the potential for

antibodies targeting other components necessary to rCDI.
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The effects of two MADbs (anti-toxin A - MK3415) (anti-toxin B — MK6072) on the
immune response in human colonocytes and peripheral blood monocytes has been
investigated. Both MAbs reduced the production of the proinflammatory cytokines TNF-
a and IL-1 in monocytes (205), providing evidence that MAbs can reduce the innate
immune response and conceivably reduce disease severity and mortality. Although this
therapy shows promise, some strains of hypervirulent C. difficile produce an
antigenically variable form of toxin (206). Further studies are required to elucidate toxin
variability, and the widespread feasibility of clinical use of MAbs, considering this. It is
unclear how long circulating antibodies could protect against disease, which is of
particular importance in rCDI. Over time levels of artificially administered antibodies
may drop, reducing their effectiveness in the case of recurrent disease. One toxin A
neutralising antibody (CDA1) failed to significantly reduce recurrence rates in a phase Il
study (207). On the other hand, MK6072 (how renamed bezlotoxumab) has shown

suitability for further investigation (67).

The monoclonal antibody bezlotoxumab has shown particular promise for rCDI in
humans, with two phase lll trials (MODIFY | & 1l) showing the superiority of
bezlotoxumab alongside antimicrobial therapy over a placebo in preventing recurrence
(16 % [61 of 383] vs. 28 % [109 of 395] in MODIFY | & 15 % [58 of 390] vs. 26 % [97 of
378] in MODIFY II) with 2655 patients enrolled (208). A subsequent post-hoc analysis
found a significant decrease in CDI-related readmissions (-53.4 % relative difference)
in the bezlotoxumab treated group (209). The dose-dependent neutralisation of toxins
A/B by a combination of bezlotoxumab-actoxumab was previously described in mouse
models of CDI (210); however, the MODIFY studies showed actoxumab to have no
significant effect on recurrence. Bezlotoxumab is now indicated as an adjuvant to

antibiotic therapy in patients at high risk of recurrence (9, 208).

In animal models, the vaccination of hosts against toxins A/B has been shown to
protect against CDI. The patient immune response to toxins A/B has long been

presented as protecting against recurrence and severe disease; one study found
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higher serum IgG and faecal IgA levels in patients with a single episode of CDI versus
rCDI patients (211). Indeed, more recently studies on human sera have elucidated that
higher sera IgA/IgG levels directed against TcdA/TcdB are associated with a lower risk
of recurrent disease (84). Vaccinating against C. difficile toxins thereby developing
higher sera antibody titres against tcdA/B could be a useful strategy in decreasing
disease severity. Immunisation of hamsters against TcdA/TcdB was carried out in
1995, with intranasal, intraperitoneal and subcutaneous immunisation of inactivated
toxin A/B toxoid offering 100 % protection against death and 40% protection against
diarrhoea (212). Interestingly, the route of immunisation caused significantly different
outcomes; hamsters vaccinated rectally or intragastrically experienced no protection
against death, even after accounting for inactivation of the vaccine by acid/protease
degradation. High antibody responses correlated to protection against severe disease,
as noted in previous human studies. Vaccination against other antigenic components of
C. difficile is also feasible, facilitating an immune response against the pathogen itself.
Bacterial spores are one potential vehicle of foreign antigen carriage. Spore-based
vaccines have been shown to elicit systemic and local immune responses (213),
Potecki et al have managed to express the C. difficile flagella protein FIiD alongside the

adjuvant, human IL-2 (214).

Non-antibody therapies targeting toxins A/B have also shown limited success. Five
toxin-binding agents have been identified and their mechanisms described:;
cholestyramine, colestipol, tolevamer, and calcium aluminosilicate (215, 216). Oral
cholestyramine has been used in the past and is described in a limited number of case
studies (217, 218) for long term control of rCDI, but the evidence is inadequate to
recommend its use. Cholestyramine is not recommended in the UK (137) or Europe
(163) for the treatment of CDI or recurrent episodes. Like cholestyramine, colestipol
binds the C. difficile toxins and has theoretical use in managing rCDI. Unfortunately,
the one clinical study to date showed no difference in the toxin levels in patients’ faeces

when treated with colestipol (219). No further studies have investigated this agent.
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Tolevamer is a toxin binding anionic polymer (216). In initial work using hamsters,
tolevamer was found to be 80-fold more effective than cholestyramine in blocking the
permeability inducing actions of toxin A in the ileum (220), by binding covalently to the
toxin. A phase Il study of 289 patients found tolevamer to be non-inferior to vancomycin
in reaching diarrhoea resolution (221). In phase lll trials, tolevamer proved to be inferior
to vancomycin and metronidazole in achieving clinical cure (44.2 % vs 77.2 % vs 81.1
%)(135). Of note, the human gut model (which will be used in my experimental studies)
correctly predicted that tolevamer would not be efficacious in humans (222). The
complex calcium aluminosilicate uniform particle size nonswelling M-1 (CAS UPSN M-
1) was described in 2015 and has shown binding affinity to toxin A/B at concentrations
matching those found in the stools of CDI patients. Currently the evidence for non-
antibiotic toxin binding resins such as those described is not sufficient to recommend
their use in the treatment of rCDI. Clinical studies are required for agents such as
calcium aluminosilicate to elucidate their safety profile and efficacy. It is realistic to

expect that the discovery of such agents will continue into the future.

In addition to toxin binding agents, some other therapies have been investigated for
preventing rCDI. Non-toxigenic C. difficile spores have been studied as a method of
preventing infection. It is believed non-toxigenic strains of C. difficile can fill the same
niche in the gastrointestinal tract as toxigenic strains; outcompeting them but without
producing disease-causing toxin. In a phase Il clinical trial, C. difficile M3 non-toxigenic
spores were administered in two doses for 7 days (10*(n = 43) & 107/ day (n = 44)) in
initial or recurrent CDI patients alongside regular treatment (223). Recurrence occurred
in 5% (2/43) of patients treated with the higher 107/ day dose of spores vs 30 % (13/43)
in placebo treated patients. Although these results are promising, colonisation by the
M3 spores did not occur in all patients (69 %) and a higher level of recurrence (31 %)
was reported in patients who were not successfully colonised. Furthermore, horizontal
gene transfer between a toxigenic strain and 3 non-toxigenic strains of C. difficile has

been observed to take place in vitro (224). It is likely that this could occur in in patients,
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providing a further limitation for the use of non-toxigenic C. difficile spores as an rCDI

treatment.

In addition to producing narrow spectrum antibiotics, research has focused on
producing compounds that ameliorate the microbiota disturbances produced by
antibiotic treatment. The B-lactams are commonly prescribed broad-spectrum
antibiotics; ceftriaxone is a well-known example associated with CDI risk (95) .
Intravenously administered antibiotics have previously been found to be excreted in
bile into the gastrointestinal tract (225). SYN-004 (ribaxamase) is a 3 -lactamase
designed to degrade systemically administered -lactams entering the gut, hydrolysing
the amide bond of the B-lactam ring (226, 227). In phase 1 trials SYN-004 was shown
to have low systematic absorption and adverse event severity comparable to the
placebo group (228). A phase lla study illustrated the degradation of biliary excreted
ceftriaxone by SYN-004 and validated the previously reported safety profile (229).
DAV132 is a product devised to ameliorate the deleterious effects on the gut microbiota
of commonly prescribed oral antibiotics including fluoroquinolones and cephalosporins.
DAV132 differentially releases an adsorbent (activated charcoal) on reaching the distal
colon that selectively adsorbs any free antibiotic (230). A clinical study including 44
healthy human volunteers found that when DAV132 was administered alongside
moxifloxacin, exposure of the microbiota in the large intestine to the antibiotic was
reduced by 99% (231). Trials of DAV132 involving patients at risk of C. difficile are still
to be undertaken. The results of these studies are promising; DAV132 is suitable for
co-administration with oral antibiotics absorbed in the small intestine. Protecting the gut

microbiota against disruption will reduce the risk of initial CDI and ultimately also rCDI

1.6 Study aims
This study sought to use a number of approaches to investigate rCDI. Several different
approaches were exploited to evaluate contributory factors in the development of rCDI.

Firstly, a pilot study using data generated from a previously ethically approved clinical
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study evaluated the effect of treatment delay on symptom duration and recurrence
rates in CDI. The results from this pilot study could inform future clinical practice in

treatment of CDI.

Secondly, the behaviour of C. difficile spores in response to a number of conditions
was evaluated. The effect of changing germinant conditions, heat and environmental
ageing on C. difficile spore recovery and outgrowth was assessed. The findings of this
work could illuminate the role of environmental spores in causing recurrent disease in a
variety of environments. In the nosocomial environment, inadequate disinfection could
allow spores to persist in the environment, potentially altering their germination
efficiency. In the food industry, insufficient heat treatment of products could allow the

acquisition of C. difficile spores and cause disease in the community.

Finally, using a previously successful in vitro gut model to simulate rCDI, this study
sought to optimise a proteomic methodology for use alongside traditional culture-based
methods. Metaproteomics within the gut model provides extra information about the

metabolic ecological niche associated with antibiotic instillation and FMT.
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Figure 1.1.1. Areas of study in the thesis and their relation to recurrent C.

difficile infection (rCDI).
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Chapter 2 — Treatment Delay and CDI

2.1 Introduction

The clinical symptoms of Clostridium difficile infection (CDI) are mediated through the
action of secreted bacterial toxins (43). Toxins act on the mucosal epithelium of the
gastrointestinal tract causing oedema, inflammation and diarrhoea, and in severe
cases, colonic perforation and death (42). Severe dehydration can also lead to
hypokalaemia, hypotension and metabolic acidosis. The aims of antibiotic treatment of
CDI are to infection, theoretically reducing the risk of recurrence. It is hypothesised that
earlier treatment will reduce bacterial and toxin load. Reducing toxin production at an
earlier stage could reduce the duration of symptoms, decrease mortality and the risk of

recurrence.

Several studies have attempted to outline the reasons for delay in treating patients with
CDI, but none has looked at the impact this delay might have on patient outcomes
(137, 232, 233). Delays in providing stool sampling kits to patients were found to
increase time to treatment (232); incorrect labelling of samples had the same effect.
Delays in diagnosis may lead to inappropriate empirical therapy in mild/moderate CDI
(233). This is not an issue for severe disease where clinical suspicion facilitates
immediate management in the absence of laboratory results. The introduction of in-
house toxin testing significantly decreased the time to diagnosis and subsequent
treatment in one study (233). In-house stool culture was utilised before the introduction
of toxin testing. Although delayed treatment has not been associated with an increased
risk of complications in CDI (234), no study has directly assessed the effect of

treatment delay on symptom duration or recurrence risk.

The primary aim of this study was to investigate the effect of treatment delay on CDI
symptom duration and recurrence. It was hypothesised that patients who experienced

a delay in treatment initiation for CDI would suffer greater symptom duration (days of
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diarrhoea) and an increased risk of recurrence. It is hypothesised that earlier treatment
will reduce the amount of toxin and spores produced. Reducing toxin levels will reduce
colonic inflammation and reported symptoms. Reducing spore levels could lead to a
reduced risk of recurrence due to decreased adherence of spores in the gut (in the
case of recrudescent disease) and a smaller number of environmental spores (in the
case of relapsing disease). To test these hypotheses, patient data generated from a

previous clinical trial were statistically analysed.

2.2 Methods

2.2.1 Study overview

This was a retrospective, non-interventional, survival analysis of the impact of treatment
delay on outcomes in inpatients diagnosed with CDI between January 2015 and
December 2016. Patient data for this study were generated from a previously ethically
approved study (REC reference number 14/NW/1398, Clinicaltrials.gov identifier
NCT02461901). Patients were recruited from four sites across the UK; Leeds Teaching
Hospitals NHS Trust (n = 202), St George’s Healthcare NHS Trust (n = 18), Bradford
Royal Infirmary (n = 27) and Guy's and St Thomas' NHS Foundation Trust (n = 7). A
complete study protocol for the original study can be found in Appendix A; information

most relevant to my current study is documented below.

2.2.2 Participants and protocols

The database consisted of information collected from patients (n = 254) who consented
to take part in the original study. Patients with CDI were identified by the detection of
toxin (cell cytotoxin assay) in stool samples submitted for laboratory testing. Patients
within a positive toxin result were considered eligible for the study. Adult patients (18-
100 y/o) suffering a first or recurrent episode of CDI treated with metronidazole,
vancomycin or fidaxomicin were recruited. CDI was defined as the presence of diarrhoea
(>3 unformed stools in 24 hours over the previous 7 days) with a positive cytotoxin assay

result. Patients treated with fidaxomicin in the three months prior to admission were
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ineligible for recruitment; a detailed account of inclusion and exclusion criteria can be
found in Appendix A, A.1.

Patients were asked how many days of diarrhoea were experienced prior to diagnosis
and treatment. Whilst patients were admitted the number of daily episodes of diarrhoea
were documented. Markers of CDI severity were recorded (max total WBCs, serum
creatinine levels, radiological/clinical evidence of colitis and temperature >38.5 ° C).
Severe CDI was defined by the presence of one or both of the following at admission;
WBC count >15x10°/I or creatinine rise >50 % of baseline. These criteria were chosen
based on evidence highlighting the association between elevated WBC, serum
creatinine and mortality (8). The primary endpoint of the study was the duration of
symptoms (diarrhoea), measured in days following treatment initiation. Symptom
resolution was defined as <3 episodes of diarrhoea per day for 48 hours after treatment
initiation. The secondary endpoint was recurrence of infection (up to 28 days after

treatment completion).

2.2.3 Ethics

The current study received ethical approval prior to commencement (North East -
Newcastle & North Tyneside 1 Research Ethics Committee, REC Reference

18/NE/0054).

2.2.4 Microbiological methods

All sample processing for the original study was carried out at LTHT in a category 2
laboratory. Cell cytotoxin assay was performed to test for toxin in stool samples. Vero
cells were prepared as previously described by Crowther (235). Twenty-mililitres of
Dulbecoo’s Modified Eagles Medium (DMEM) (Sigma) supplemented with newborn calf
serum (50 ml) (Gibco, Paisley, UK), antibiotic/antimycotic solution (5 ml)(Sigma) and L-
glutamine (5 ml)(Sigma) was used to culture vero cells (African Green Monkey Kidney
Cells, ECACC 84113001) in a flat bottom tissue culture flask. Flasks were incubated at

37°Cin5 % COa.
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When Vero cells formed confluent monolayers (confirmed by microscopy; Olympus UK
Ltd, Middlesex, UK) the monolayer was harvested by removal of DMEM and rinsing
with 1 ml of Hanks Balanced Salt Solution (HBSS) (Sigma) containing trypsin-EDTA
(0.25 g/ L) (Sigma). Subsequently, 6 ml of HBSS-EDTA was added to the flask and
incubated for 10 minutes at 37° C at 5 % CO,. After the cells no longer adhered to the
flask, further passage was achieved by diluting the HBSS-EDTA cell mixture (1:20) in
DMEM in a 96F microtiter tray (Nunc). Vero cells were harvested (160 ul) and
inoculated into wells to which antitoxin would later be added. To other wells trypsinised
Vero cells (180 ul) were added. Trays were incubated for 2 days in 5 % CO; at 37° C.
Sample supernatant and positive controls were serially diluted 10-fold in PBS to 10°°.
The positive control was produced from a 48 hour culture of C. difficile grown in BHI
broth. Serial dilutions were transferred to trays containing Vero cell monolayers.
Clostridium sordellii antitoxin (Prolab Diagnostics, Neston, UK) neutralised the cytotoxic
effects and ensured specificity of cell rounding to C. difficile. A positive test was

indicated by rounding of ~80 % of the Vero cells.

Polymerase chain reaction (PCR) ribotyping of isolates was carried out by the
Clostridium difficile ribotyping network (CDRN) using a previously described protocol
(236, 237). PCR product analysis was carried out using the ABI-PRISM 313xI
automated sequencer and fragment analysis system, a 16 capillary 36cm array with
POP-7 separation matrix (Life Technologies, Paisley, UK) and a GeneScan 600 LIZ as
an internal marker. Fluorescent signals were imported into BioNumerics v.7.1 (Applied
Maths, Sint-Martens-Latem, Belgium) and fragments sized using GeneMapper v.4.0
(Applied Biosystems, Life Technologies, Grand Island, NY). PCR ribotype band cluster
analysis was performed using the DICE similarity coefficient. UPMGA dendrograms
were used to represent relationships within BioNumerics v.7.1. Band profiles were

identified by comparison with the CDRN reference library.

2.2.5 Statistical analysis
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Statistical analysis was carried out in Rstudio by Professor Robert West, University of
Leeds. Variables included in statistical analysis included patient age, sex, duration of
symptoms prior to treatment initiation, CDI severity, presence of prescribed concomitant
antibiotics and treatment group (vancomycin, metronidazole or fidaxomicin).
Interrogation of the dataset was not permissible prior to gaining ethical approval; initially
a survival analysis was planned to measure the effect of duration of diarrhoea pre-
treatment (days) on duration of symptoms. As censoring was not prevalent within the
dataset, a multiple linear regression model was used for symptom duration analysis.
Univariate (Pearson’s chi squared tests) and multivariate linear regression analyses
were used to identify factors associated with symptom duration and recurrence. Where
log transformations were employed, the raw value had 1 added prior to transformation
to avoid taking the logarithm of 0. The following potentially confounding variables were
included in the models; age, sex, gender, CDI severity, presence of prescribed
concomitant antibiotics, previous CDI episodes and treatment arm (vancomycin,
metronidazole or fidaxomicin).

Where data for confounding variables were missing (concomitant antibiotics, previous
CDI), patients were either removed from the analysis, or if a large quantity of data was
missing (severity) a separate ‘missing’ variable category was created alongside severe

and non-severe.
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n =254

Patient records

Excluded due to missing study
variable (days of diarrhoea
pre-treatment) and/or both

outcome variables

n=281

n=173

Excluded due to missing
confounding variables

Previous CDI (n =1)

Concomitant antibiotics (n = 2)

Excluded due to
missing outcome
variable
(recurrence)

n=10

Excluded due to missing
outcome variable
(symptom duration)

n=51

Recurrence analysis

n =160

Symptom duration analysis

n=119

Figure 2.2.1. The work flow used in statistical analysis for the clinical study.
Patients were removed from analysis if study variable or outcome
variable data were missing. Three patients were also removed from
analysis due to missing data on confounding variables (previous CDlI,
presence of concomitant antibiotics). Data from a subpopulation of 160
patients were used for analysis relating to recurrence and 119 patients for

symptom duration analysis.
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2.3 Results

2.3.1 Patient cohort characteristics
Patient demographics were comparable between the cohorts included in statistical

analysis for both arms (Table 2.3.1). The median (range) age of the study population
was 77(21-96), 50 % of patients were male. CDI was classed as severe in 49 % of the
patients. Eleven (6.4 %) patients died during the study. Vancomycin was the most
commonly prescribed antibiotic, used in 44 % of cases. This is probably reflecting the
changing attitude of clinicians to metronidazole, given its decreased efficacy compared
with vancomycin, at least in severe disease (135, 238, 239). Most patients (66 %) in
the study population were receiving concomitant antibiotics at the time of CDI
diagnosis. The median duration of diarrhoea pre-treatment was 3 days (Table 2.3.1. &
Fig 2.3.2 (a)). Approximately half (51 %) of the patients reported having pre-treatment

duration of diarrhoea of 3 days or less.
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Table 2.3.1. Demographics of patients enrolled in the study. Overall
demographics of the subpopulations used in statistical analysis are shown.
Durations (in days) are reported the nearest whole number.

Study Symptom Recurrence
population  duration subpopulation
(n = 170) subpopulation (n = 160)
(n =119)
Variables
Age (years) Median 77 (21-96) 79 (23-96) 77 (21-96)
(range)
Sex Male (n, %) 85, 50 58, 48 81, 50
Female (n, %) 85, 50 61, 52 79, 50
CDI severity Severe (n, %) 65, 49 45, 50 60, 50
Non-severe 69, 51 44,50 60, 50
(n, %)
Concomitant Yes (n, %) 112, 66 81, 69 104, 65
antibiotics No (n, %) 58, 34 38, 32 56, 35
Treatment arm  Vancomycin 74, 44 53, 43 69, 43
(n, %)
Metronidazole 51, 30 36, 31 46, 29
(n, %)
Fidaxomicin
(n, %) 48, 26 31, 26 45, 28
Duration of Median 3 (0-60) 3 (0-60) 3 (0-60)
diarrhoea pre-  (range)
treatment
(days)
Outcomes
Symptom Median

duration (days) (range)

Recurrence Yes (n, %)

No (n, %)
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Figure 2.3.1 (a) & (b). Histograms showing the distribution of the study variable
(a; duration of diarrhoea pre-treatment) and one of the outcome variables
(b; symptom duration). In (a) each bar represents the frequency for 5 days
(0-5, 5-10, etc). In (b) each bar represents the frequency for 1 day (0-1, 1-2,
etc). Both distributions show positive skew.
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2.3.2 Symptom duration analysis

The median symptom duration reported for the 119-patient cohort after starting
antibiotic therapy was 1 day, 49 % of patients reported having 0 days of symptom
duration (Table 2.3.1 & Fig 2.3.2). When a least squares regression line was fitted to a
scatter graph of symptom duration plotted against days of diarrhoea pre-treatment,
there was limited evidence of a small positive correlation. However, this fit might be
misleading due to the presence of high leverage outliers; to avoid this issue, data for
both study and outcome variables were log-transformed (Fig 2.3.2). The least squares
regression line for the transformed data demonstrated a negligible relationship between

duration of diarrhoea pre-treatment and symptom duration.

For completeness, a multiple regression model incorporated confounding variables as
well as the study and outcome variable used in initial analysis. This model indicated no
significant association between any of the potential risk factors (treatment group,
duration of pre-treatment diarrhoea, CDI severity, age. concomitant antibiotic, previous

CDI) and symptom duration (Table 2.3.2).
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Figure 2.3.2. Duration of symptoms plotted against duration of symptoms pre-
treatment on a scatter graph (n = 122). One was added to the In both graphs a
least squares regression line of best fit has been fitted to the data. Data was
transformed due to the presence of high-leverage outliers. The least squares
regression line illustrates little evidence of association between duration of
diarrhoea pre-treatment and symptom duration. The dark grey area indicates
the confidence intervals.
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Table 2.3.2. Coefficients entered in the multiple regression model for
assessing effect of duration of diarrhoea pre-treatment on symptom duration;
there is no statistical evidence of association between In(duration of
diarrhoea + 1) and any of the potential risk factors (treatment group, severity,
concomitant antibiotics, age, gender, previous CDI).

Coefficients Estimate Std. error tvalue P value
In (duration of diarrhoea+1) 0.06 0.09 0.71 0.48
Treatment group -0.11 0.18 -0.60 0.55

(vancomycin)

Treatment group -0.13 0.16 -0.77 0.44
(metronidazole)

Severe (no) 0.14 0.17 0.78 0.43
Severe (yes) 0.25 0.17 1.45 0.15
Concomitant antibiotics (yes) -0.1 0.14 -0.67 0.50
Age 0.00 0.00 -0.81 0.42
Gender (male) -0.04 0.13 -0.3 0.77

Previous CDI (yes) 0.16 0.20 0.81 0.42
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2.3.3 Recurrence analysis

Recurrence occurred in 11/160 (7 %) patients included in the analysis. There was no

significant association between duration of diarrhoea pre-treatment and recurrence (X?

=0.62, df = 1, P =0.43). A logistic regression model found that having a previous

episode of CDI was the only predictive risk factor for recurrent CDI from those included

(duration of diarrhoea pre-treatment, severity, concomitant antibiotics, age, gender,

previous CDI) (Table 2.3.3). This association was highly significant (P < 0.001).

Table 2.3.3. Coefficients entered in the logistic regression model for
assessing effect of duration of diarrhoea pre-treatment on recurrence;
previous CDI is the only variable predictive of future recurrence; P< 0.001 ***,

Coefficients Estimate Std. error zvalue P value

Duration of diarrhoea pre-treatment -0.02 -0.02 0.06 0.76
Severe (no) 0.30 1.06 0.27 0.79
Severe (yes) 1.00 1.05 0.96 0.34
Concomitant antibiotics (yes) -0.42 0.84 -0.50 0.62
Age 0.01 0.03 0.36 0.72
Gender (male) 1.09 0.85 1.28 0.20

Previous CDI (yes) 3.50

0.80

4.35 <0.001***
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2.3.4 Ribotype distribution
RT was not included as a variable in either of the models due to the heterogeneity and
low number of each RT (Fig 2.3.3). C. difficile strains of 34 different PCR RTs were
isolated from stool of the study population. A high degree of heterogeneity was
observed; RT 002 accounted for more than 10 % of isolates (14.3 %). RT 014, RT 015
and RT 078 strains accounted for 9.6 % of isolates each. Only one RT 027 strain was
isolated. Strains of more than one RT were isolated from 6 (3.5 %) patients in the study

population.
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2.4 Discussion

This study corroborates the previously reported observation that patients experiencing
their second (or more) episode of CDI are more likely to suffer relapse than those
suffering a first episode. Interestingly, treatment delay had no significant effect on
either of the outcome measures; symptom duration and recurrence (Tables 2.3.2 &
2.3.3). Delayed treatment having no significant association with symptom duration is
surprising. It was hypothesised that prompt treatment would reduce bacterial load and
reduce toxin levels; toxin A and B are pro-inflammatory and responsible for colonocyte

death, with both toxins being recognised as important to CDI pathology (43).

Faecal toxin levels have been associated with increased disease and symptom
severity, including increased diarrhoeal frequency (11, 44, 240). Some studies have
suggested treatment with vancomycin/metronidazole has no effect on toxin A/B
production and actually instigates increased spore production (241, 242). In the current
study, treatment arm (fidaxomicin, metronidazole or vancomycin) was not significantly
associated with symptom duration. Fidaxomicin has been found to repress toxin A and
B levels both clinically and in vitro, in contrast to vancomycin that repressed both toxins
at the midpoint, but lost this effect thereafter (243). The clinical study was relatively
small (n =34) and open label, limiting statistical power. Due to the toxin-repressing
effects of fidaxomicin, it was theorised that fidaxomicin treatment would have led to a
reduced duration of symptoms in the current study. A recent study suggests increased
binary toxin (CDT) levels are associated with CDI severity, but this was a cross-
sectional study with a small n size (244). Fidaxomicin has not been found to repress
levels of the CDT toxin. Disease severity was also not associated with symptom

duration.

Detailed comorbidity data were not collected as part of the original study; the clinical

markers used for CDI severity could have been influenced by concurrent disease and
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infection. The majority of patients in the study were receiving concomitant antibiotic
therapy (Table 2.3.1). Forty-nine percent of the 119 cases used in symptom duration
analysis were reported to have symptom duration of O days after treatment initiation.
The criteria used to dictate symptom resolution may have been inappropriate; in some
patients, increased diarrhoeal frequency recurred after an initial period of symptom
resolution. More likely, the low threshold for stool sampling combined with the high
sensitivity of the cell cytotoxin assay allowed the detection of a large number of mild
cases of CDI (245). The data for duration of diarrhoea pre-treatment were collected
from medical notes, stool charts and patient discussions. A substantial proportion of
patients in the study reported long durations of diarrhoea preceding treatment (up to 60
days pre-treatment) (Fig 2.3.2). These diarrhoeal episodes are unlikely to be related to
CDI and could be more indicative of chronic disease (e.qg. irritable bowel syndrome).
However, the majority of patients in this study reported 0 days of diarrhoea prior to
antibiotic therapy (Fig 2.3.2). This is counterintuitive given one of the inclusion criteria
for the original study (>3 unformed stools in 24 hours over the previous 7 days). One
explanation for this is that diarrhoea in mild CDI cases largely resolved before
treatment initiation. This indicates that treatment may not be required in some mild

cases of CDI.

There was no statistically significant evidence of an association between treatment
delay and risk of future recurrence (Table 2.3.3). Interestingly, this study validates
previous findings that having one or more recurrence of CDI is a strong predictor of
further future recurrence. Fidaxomicin has been extensively associated with a reduced
incidence of recurrence, as demonstrated recently by two randomised control trials
(246). Fidaxomicin also completely inhibited sporulation in vitro in stationary phase
vegetative cells of two strains of C. difficile at /sx MIC, an effect not observed with
vancomycin, metronidazole or control (247). In addition, spores treated with 200 mg/L

fidaxomicin for one hour prior to incubation in broth failed to outgrow into vegetative
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cells after 48 hours (248) potentially reducing the risk of recrudescent (recurrent)

disease.

As discussed previously, the possible effects of fidaxomicin on toxin A/B levels in
relation to recurrence should not be ignored. Tolevamer is a non-antibiotic drug that
initially showed promise in treating CDI. The mechanism of action is not bactericidal; it
is a toxin binding anionic polymer (216). Although it was found to be inferior to
vancomycin and metronidazole in phase Il clinical trials (135), it did show a decrease
in recurrence rates in patients who observed clinical cure on the drug. This suggests
that removal of toxin A/B may not be sufficient for clinical cure, but could reduce the
risk of recurrent CDI. Based on the evidence above, fidaxomicin is suggested to have
several mechanisms whereby recurrence risk is reduced. On the contrary, the current
study finds no association between treatment arm and risk of recurrence. This could be
a limitation of the small sample size. In any event, the finding that recurrence is
strongly associated with previous CDI is important. In future clinical policy may wish to

concentrate on prevention of initial infection as a strategy to reduce recurrence.

The recurrence rate for patients in the recurrence analysis was low at 7 % (Table
2.3.1). One possible explanation for this is the successful antimicrobial stewardship
programmes employed in the UK; the epidemiology of C. difficile infection has changed
considerably, with RT 027 strains no longer being the dominant ribotype (25, 28) (Fig
2.3.4). A number of studies, including randomised control trials have previously found
infection with RT 027 strains to be significantly associated with recurrence (58, 68, 71,
72, 249).1t has been suggested RT 027 strains may have accelerated sporulation;
increasing number of spores produced during infection. A number of in vitro studies
have supported this notion (73, 74). Only one case of infection with RT 027 was
identified in the current study and no PCR ribotype dominated infection. RT 001, 017
and 018 have previously been associated with recurrent disease in Sweden and Korea
respectively (69, 75). These associations are not as strong as those described for RT

027 strains and the wide distribution of infection amongst different PCR ribotypes is
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likely to minimise any potential effect in the current study.Perhaps more likely, the low
levels of recurrence in this study may highlight the fact that many of the patients
deemed to have CDI were in fact suffering from transient diarrhoea of an unrelated
cause. If this is the case, some of the patients reporting diarrhoea could not have a

recurrence, as they were not suffering from an initial episode.

A number of studies have investigated the reasons for delay in treatment for CDI. In
one cohort late and improper specimen collection were identified as a major source of
delay in treatment initiation (232). Importantly, all 22 physicians interviewed in this
study admitted the decision to start empirical treatment was influenced by whether or
not they expected results to be available within 6 hours. Clinical guidelines recommend
diagnostic confirmation of C. difficile before treatment initiation, but due to recognised
delays in testing diarrhoea, clinical suspicion is also considered suitable to start
treatment (137). These issues were highlighted previously and measures put into place
to reduce these delays (233). Research has looked at trying to decrease these delays
in diagnosis and treatment by use of different strategies such as algorithms and policy
changes, likely to accelerate the placement of appropriate infection control measures
and reduce nosocomial transmission. The results of the current study suggest further
strategies should focus on prevention of CDI, with rapid diagnosis and treatment
providing little tangible benefit in relation to symptom duration and future risk of

recurrence.

This study had a number of limitations. The original study was not powered for this sub
analysis. In future work, a bespoke trial designed for the specific hypotheses
formulated in this study would have more power. It would also allow the collection of
more relevant patient information. In particular, a more robust inclusion criteria whereby
patients with evidence of CDI can be identified would be beneficial. In this study, it is
likely a large number of the patients reporting transient diarrhoea did not have CDI, but
diarrhoea of an unrelated aetiology. More detailed information on patient comorbidities

would allow differentiation between transient diarrhoea and true CDI.
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Patient data from the original cohort of 254 had to be filtered due to missing values for
both study (duration of diarrhoea prior to treatment) and outcome variables (relapse,
symptom duration) further reducing the power of the study and potentially introducing
systematic bias. Patients were only followed up for 28 days after finishing treatment,
the majority of relapses occur within 8 weeks after initial infection (83 %) (66).
Although the majority of relapses occur in the first 14 days after successful treatment
(67), patients may have suffered recurrent disease, due to reinfection or relapse, after
this 28 day window. More detailed information on patient comorbidities would have
allowed the calculation of a Charlson score, allowing inclusion of comorbidity data in
the statistical analysis. This would also increase confidence in the designation of
severity; the clinical markers used could be altered in response to disease unrelated to

CDL.

In summary, this study found no association between any of the risk factors and
symptom duration in CDI. This suggests clinicians should not be too concerned about
delays in diagnosis unless severe disease is suspected. When recurrence risk was
assessed the only factor predictive of CDI recurrence was previous CDI. Larger studies
will need to be carried out with a greater number of patients and improved data
collection; the current study was limited by the low study population size and
insufficient data collection. It is a possibility that the liberal inclusion criteria used in the
study identified patients who were not suffering from diarrhoea due to CDI, but were

experiencing transient diarrhoea from an unrelated cause.

Finance

This study was funded by the University of Leeds. The original study (Clinicaltrials.gov

identifier NCT02461901) was funded by Astellas Pharmaceuticals.
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Chapter 3 A — Spore Germination and Recovery

3.1 Background & Rationale

C. difficile spores play a vital role in the transmission of CDI. Recurrent CDI is an
umbrella term encompassing two different mechanisms; recurrent disease due to
recrudescence of C. difficile spores persisting in the gut (relapse), or reinfection with
the same or different strain. Varying rates of relapse and reinfection have been
documented, with relapse accounting for ~52-88 % of recurrence (65, 66, 250). In both
the case of relapse and reinfection, spores play an important role. Reinfection occurs
due to the ingestion of C. difficile spores from the patient’s environmental surroundings,
which can occur with the same or a different strain. In the contrasting scenario of
relapsing disease, recrudescent C. difficile spores retained within the gut lumen
germinate and outgrow successfully in response to cues in the gut. Spores are
metabolically dormant, environmentally robust and are the main mode of transmission

of C. difficile.

The response of C. difficile spores to being left in the environment for extended periods
of time (environmental ageing) is of interest from both scientific and clinical
perspectives. Spores persist in the environment for extended periods of time and are
resistant to traditional cleaning agents, which is problematic in a hospital environment.
Spores left in the environment for extended periods of time could have a greater
likelihood of becoming superdormant. “Superdormant” spores are those described as
failing to germinate in response to the typical germinants, but still remaining in a viable
state (59). Comparison of hospital and laboratory cleaning agents suggests only
chlorine-releasing agents are effective at decontamination of spore contaminated
surfaces (251). It was appreciated early on in the 1980s that carriage of C. difficile
spores on hospital workers may be contributing to the high levels of new infection
(252). Reducing spore loads in the environment in hospitals is an important strategy for

combatting the incidence of rCDI. The discovery of potential ‘superdormant’ spores



54
creates yet more difficulty. In the laboratory spore activation by heat treatment can be
utilised to induce germination of spores (253), but this is not possible on the wards.
Novel strategies have been trialled to induce germination, for instance germination
solution sprays (254). The use of such sprays could reduce the need for more
corrosive detergents such as chlorine-based agents and peracetic acid, but are not

feasible in a hospital setting.

Spores are vital in the context of CDI, and the recent discovery of superdormant spores
raises issues particularly relevant to rCDI. Spores retained in the gut could be
responsible for recrudescent disease (relapse). Reinfection can occur by ingestion of

superdormant spores from the external environment.

3.1.1 Germination mechanism

Spore germination is a complex process, ultimately resulting in a proliferative
vegetative population. The ultrastructure of the C. difficile spore is multifaceted and
consists of numerous peptidoglycan and proteinaceous layers including the germ cell
wall, coat and exosporium surrounding a central Ca?*-dipicolinate (DPA) core (255).

High levels of Ca2*-DPA contribute to sustaining dormancy.
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Figure 3.1.1. Ultrastructural representation of a Clostridium difficile
spore; i (core), ii (inner membrane), iii (germ cell wall), iv
(cortex), v (outer membrane), vi (cortex) & vii (exosporium).
Figure adapted from Paredes-Sabja et al (2011).

The germination of spores can be measured by detecting a reduction in the optical
density of a spore suspension that occurs simultaneously with the release of Ca?*-DPA
from the core (250). In contrast to B. subtilis, the spore coat must be hydrolysed prior to
Ca?*-DPA release in C. difficile spores (256). Germination begins when a molecule,
termed a germinant, interacts with the homologs of the GerA, GerB and GerK
germinant receptors commonly recognised in Bacillus and other Clostridia (257).
Spores of C. difficile are receptive to a different spectrum of germinants to both Bacilli
and other Clostridia. The receptor involved has been identified as CspC, a bile acid
binding protein (63). Upon binding of the germinant to CspC a sequence of proteolytic
reactions is initiated, resulting in the cleavage of pro-SleC to SleC, a cortex hydrolase
(255), which consequently hydrolyses the cortex. Initially it was believed that binding of
germinants to CspC was stimulatory; increasing binding would lead to increased SleC
formation and cortex hydrolysis. Recent research has shown an inverse correlation

between CspC levels and germination rates (r>=0.81) (258). It is postulated CspC
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activates CspB, but CspB is unable to cleave pro-SleC unless GerS is present. The
concluding stage of germination is the release of a vegetative cell from the ruptured
spore coat/exosporium. Further work is required to elucidate these interactions and

refine the model currently proposed for C. difficile spore germination.

Recently it has been discovered that the pseudoprotease domain CspA and its fusion
to CspB is highly significant in regulation of the germination cascade, with a nonsense
mutation in cspBA reducing the efficiency of C. difficile spores to germinate (255).
CspBA is cleaved by YabG to form CspA and CspB, CspB is responsible for the
cleavage of pro-SleC to the active SleC. Additionally, CD0311, a protein named GerG
has found to be important in the germination process. GerG mutants are found to
require 10-times the levels of germinant to initiate germination, and it has been shown
that lower levels of CspC receptors are present in these mutants (259). It is believed
GerG has an important role in the incorporation of CspA, CspB and CspC into the
spore. GerG has been suggested to be a novel target for therapeutics, potentially
decreasing spore germination and the risk of recurrence. This is highly speculative and

requires more research.

Germination is a tightly regulated and complex process. The homology of this system
to other members of the Peptostreptococcaceae rather than Clostridiceceae family is in
accordance with the genomic data regarding reclassification of C. difficile to the

Peptostreptococcaceae family (260).

3.1.2 Bile acids

The germination of C. difficile spores is strongly dependent on environmental cues and
has been found to be altered in response to bile acids. In general, primary bile acids
are stimulatory to germination and secondary bile acids are inhibitory. However, there
are some exceptions. Ratios of primary: secondary bile acids along the gastrointestinal
tract could alter in response to environmental insult, facilitating C. difficile spore
germination. The primary bile acids are cholate, chenodeoxycholate, taurocholate and

glycocholate. Derivative secondary bile acids include deoxycholate. Previously, 0.1 %
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taurocholate saturated BHIS (supplemented brain heart infusion) plates showed a 10°
increase in recovery compared to controls (261). Early on, it was documented the
concentration and purity of the taurocholate preparations tested in vitro was important;
higher concentrations of sodium taurocholate inhibited vegetative cell division (262).
Initially, the mechanism of taurocholate-induced germination was unclear, but kinetic
data alluded to a sequential receptor based process involving glycine (263).

Taurocholate is now routinely used to germinate C. difficile spores.

The primary bile acid chenodeoxycholate is inhibitory to spore germination; incubation
of spores with 0.1 % chenodeoxycholate produced a 0.006 % recovery rate, compared
to 0.024 % with an equal 0.1 % mixture of cholate: chenodeoxycholate (264). Further
work indicated chenodeoxycholate derivatives are produced by 7a-hydroxylation, a
process carried out by Clostridium scindens, considered in recent times to be a
protective species in the microbiome (93, 264). Other work found chenodeoxycholate
to be stimulatory at 1-10 mmol/l to C. difficile germination, but also noted higher levels

of sodium taurocholate (>100 mmol/l) to be inhibitory (265).

Human bile acid perfusion studies have indicated a ~9-fold increase in the absorption
in the large intestine of chenodeoxycholate compared with cholate (266). This creates
a favourable environment for spore germination. Only single formulations were
perfused, ignoring any in vivo interactions between different bile acids. Experiments
using a mouse model also suggest a role for bile acids in germination of C. difficile
spores. Caecal extracts from antibiotic-treated mice produced colony formation levels
in C. difficile spores 50-65 times higher than from untreated mouse tissue (267). This
effect was lost when bile-acid binding cholestyramine was added to extracts. The study
concluded that increased ratio of primary: secondary bile acids in antibiotic treated
samples are responsible for the increase in CFU observed. However, there is no
discussion of the relative concentrations of individual primary bile acids. More recent

mice metabolomics data had a similar finding; a relative increase of primary bile acids
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in antibiotic treated ‘CDI susceptible’ mice (268). The two studies used different

antibiotics to simulate CDI conditions (clindamycin vs. cefoperazone).

3.1.3 Amino acids
The amino acid glycine has been found to be a vital co-germinant; its inclusion with

taurocholate is a standard approach for maximising germination of C. difficile spores.
Glycine was utilised early on (1966) to increase germination of Clostridium botulinum
along with cysteine (269). Subsequently, the germination of C. difficile spores has been
improved using glycine with taurocholate (261, 265). The binding and functional groups
involved in the substrate-receptor interaction have been mapped by adding 30 glycine
derivatives to taurocholate treated spores and documenting germination rates (270).
The chemical manipulations targeted singular modifications in the carboxy/amine

groups or the alkyl chain of the glycine molecule (Fig 3.1.2).

H-oN
OH

Figure 3.1.2. Glycine molecule, showing alkyl chain
skeleton, amine group and hydroxyl groups.
Diagram obtained from ChemDraw®

By creating a derivative library, the authors were able to deduce that both the intact
carboxylate and amine groups are necessary for recognition by the germinant receptor,
as modifications of these groups produces a substantial decrease in germination rates.

The size of the methylene bridge between the functional groups does not appear to
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affect germination levels. Although glycine is the most explored and widely understood
amino acid used for C. difficile germination optimisation, this study provides evidence
of other amino acids for instance -alanine being equally as effective at initiating
germination in C. difficile. One study identified an 80 % increase in germination rates
on addition of histidine (0.4 %) to taurocholate (0.1 %) with glycine (0.4 %)(271). L-
phenylalanine has been found to be as effective as glycine, which is surprising given
the initial hypothesis that the germinant receptor would not be able to accommodate
aromatic groups due to size (270). Multiple binding sites have been suggested, but
there is currently no evidence to support this. Unlike L-phenylalanine, histidine (0.4 %)
added to taurocholate (0.1 %) without glycine did not produce an increase in

germination; both L-phenylalanine and histidine are aromatic amino acids.

Recent developments (2018) have elucidated the hierarchical nature of amino acid
recognition in C. difficile spores. Shrestha & Sorg investigated the efficacy of various
amino acids (including D- alanine, D-serine & D-lysine) as co-germinants to taurocholate
(272). Glycine was found to be the most effective germinant, but importantly all amino
acids were stimulatory to spore germination to some extent at 37° C. Interestingly, the
author proposed that glycine being the smallest amino acid could contribute to its
effectiveness; small molecules can more easily reach the spore cortex. These findings
are congruent with those of Howerton et al (270), with aromatic residues being less
effective. Nevertheless, the mechanism of co-germinant binding is still unknown; it is
unclear whether signalling is mediated through a single receptor responsive to all

amino acids or numerous receptors for each individual amino acid.

Additionally, the role of calcium in spore germination has been investigated. Calcium
has been found to have a critical role in the activation of SleC, the cortex hydrolase.
When spores were incubated with taurocholate, glycine and EGTA (a calcium chelator)
germination was completely inhibited at all concentrations vs. taurocholate/ glycine
alone (273). It is hypothesised that individuals deficient in calcium absorption are at an

increased risk of CDI due to the stimulatory effects of superfluous intestinal calcium on
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germination. This provides a potential mechanism for the association of protein pump
inhibitors (PPIs) with CDI. This risk may be amplified by the observation that the cell
membrane interactions of toxin A in binding to colonic cells is mediated by free calcium

ions (274).

3.1.4 Non-germinant receptor germinants

In addition to germinant receptor-derived germination, other factors have been
identified as facilitating increased recovery of C. difficile spores. In 2000 it was found
that incorporation of 5 mg/l of lysozyme into CCEY (without egg yolk) agar significantly
increased the recovery of C. difficile from environmental swabs compared to CCEY (24
% vs 11 %, P = 0.004) (275). This observation has been made previously with
increased recovery rates (10-47 %) observed in four strains recovered by sodium
thioglycollate-lysozyme treatment after heat treatment of bacterial suspensions at 90°C
for 10 minutes (276). Pre-treatment with thioglycollate was not associated with
increased recovery rates. Lysozyme could be the mediator of germination in these
instances and not thioglycollate pre-treatment. One hypothesis is that lysozyme
mediates germination directly by enzymatically degrading the spore cortex. The above
study (276) also found 0.1 % taurocholate addition did not permit recovery of spores
subjected to the same heat treatment. This is not surprising considering the more

recent work indicating the importance of glycine as a co-germinant.

3.1.5 Optimising C. difficile recovery

Different solid media are used according to individual requirements for C. difficile
recovery. The appropriateness of a culture medium for C. difficile will depend on a
number of factors. Firstly, a medium must allow the germination and proliferation of C.
difficile spores. In order for substantial germination to take place, stimulatory
germinants must be present. The growth of other species must be suppressed by the
medium. CCEYL (cycloserine-cefoxitine, egg yolk and lysozyme) is a selective medium
most suitable for recovering C. difficile from faecal samples, and has recently been

shown to be the most sensitive and cost-efficient medium for isolating C. difficile from
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stool samples when compared to cycloserine-cefoxitin fructose agar (CCFA), tryptone
soy agar (TSA) and ChromelD agar (277). Five-percent lysozyme was incorporated
due to evidence suggesting the increased recovery of environmental spores treated
with lysozyme (275). CDRN (C. difficile ribotyping network) use CCEYL (without egg
yolk) to isolate C. difficile from faeces due to the bacteriostatic action of cycloserine-

cefoxitin (39).

BHI agar (brain heart infusion) is used by the majority of research labs working with C.
difficile. Often taurocholate is incorporated (a primary bile acid) alongside glycine.
CCEYL also contains an unknown quantity of the primary bile acid cholate in its
ingredients. BHI is suited to pure culture of C. difficile, due to its non-selectivity (278). It
is unclear which conditions are optimal for spore recovery. Although primary bile acids
and amino acids are known to be important for inducing spore germination in C.
difficile, a direct comparison of CCEYL and supplemented BHI has not been

performed.

Although the importance of germinants and amino acids has been discussed in the
context of germination, one study found germination will occur spontaneously in the
absence of germinants in a subpopulation of spores (279) . This could be important in
experiments utilising spores that have been aged or left for extended periods of time in
the environment. Over time, a small population of spores are likely to spontaneously

germinate, decreasing spore numbers.

There were a number of aims for this study. Firstly, conditions optimal to C. difficile
spore recovery and outgrowth in liquid and on solid media were explored. C. difficile
germination and growth was assessed in two solid media and two liquid media with the
incorporation of different combinations and concentrations of germinants. Additionally,
this study highlighted the inhibitory nature of high concentrations of L-amino acids on C.
difficile vegetative growth. Five strains of different ribotypes were grown in broths with
increasing concentrations of 3 amino acids (glycine, L-phenylalanine and L-histidine).

Finally, the phenomenon of superdormancy was explored; spores were left in a
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homemade desiccator for an extended period (6 months) to simulate environmental
ageing. It was hypothesised that environmental ageing would affect the ability of spores

to germinate in the presence of germinants.

3.2 Methods

3.2.1 Production of Spores
Spores of five PCR ribotypes (RT 001,015,020, 027 & 078) of C. difficile were prepared

as previously described (248). Briefly, 100 pl of a spore preparation was spread on to
Brazier's CCEYL agar (Oxoid, UK) and grown anaerobically for 5 days in a Don Whitley
A95 anaerobic workstation. Growth was harvested and streaked on to 10 Columbia
Blood Agar (CBA) plates. CBA agar plate growth was removed through swabbing after
10 days of anaerobic incubation and suspended in 4 ml of 50 % ethanol to Kill
vegetative cells. Spore stocks were serially diluted in phosphate-buffered saline

(PBS)(BioVision, USA) and enumerated on CCEYL agar.

All experiments were carried out in triplicate and all spores were fresh (<30 days old)
unless otherwise stated. In all experiments agar plates were incubated anaerobically at
37° C and counts of colony forming units (CFU) were carried out 48 hours post-

inoculation.

3.2.2 Phase Contrast Microscopy

Slides were prepared by spreading 50 pl of spore suspension uniformly over a
microscope slide and drying aerobically for 30 minutes at 50° C. Slides were overlaid
with 50 pl of Wilkins-Chalgren agar and dried for a further hour. Phase bright spores,
phase dark spores and vegetative cells were visualised in ten fields of view and
counted on a phase contrast microscope at 1000 X magnification. All entities were
counted in each field of view. In broth experiments one slide was prepared per
biological replicate (broth). Phase dark spores indicate those that have germinated,
phase bright spores have not germinated, and vegetative cells are the product of spore

germination and outgrowth.
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3.2.3 Spore Recovery on Solid Media
Spore suspensions were serially diluted (10-fold) in PBS to 10°. Twenty-microlitres of
each dilution was spread on to a range of solid agar plates (Table 3.2.1). Media (BHI
(Oxoid, UK) and CCEY (LabM)) was prepared in house according to manufacturer’s
instructions (see Appendix B, B.1.8 & B.1.9). In the case of additive preparation,
taurocholate and glycine (Oxoid, UK) were added prior to autoclaving, lysozyme was
added subsequently. Spores of five C. difficile ribotypes were utilised. An overview of
the methodology can be seen in Fig 3.2.1.

Table 3.2.1. Solid agar plates utilised in C. difficile spore recovery experiments.
Media types and additives are shown

Media Additional Additives

Nil
5% lysozyme
BHI 0.1% taurocholate, 0.4% glycine

1% taurocholate, 0.8% glycine
1% taurocholate, 4% glycine
Nil
5% lysozyme

CCEY 0.1% taurocholate, 0.4% glycine
1% taurocholate, 0.8% glycine

1% taurocholate. 4% glycine

3.2.4 Spore Germination in Broths

Broths of 4.95 ml were prepared in glass Wassermans, autoclaved and pre-reduced
overnight in an anaerobic chamber. Media (BHI and Schaedler (Oxoid, UK)) was
prepared in house according to manufacturer’s instructions (see Appendix B, B.2). All
broths were carried out in biological duplicate unless otherwise stated. Broths utilised

can be seen below (Table 3.2.2). At time point O phase contrast microscopy was



64
carried out on spore suspensions. Subsequently, 50 pl of spore suspension was
aliquoted and incubated anaerobically in broth for 90 minutes. At 90 minutes, 20 pl of
broth was removed and serially diluted in PBS to 107 in technical triplicate. For spore
enumeration, broth (100 ul) was aliquoted into 100 pl of 100 % ethanol and after an
hour serially diluted in PBS to 10, Twenty-microlitres of each dilution were aliquoted
on to CCEYL agar. In addition, 500 pl of broth was removed and centrifuged at 9500 g
for 1 minute. The supernatant was removed and spores were resuspended in 50 pl of
PBS, which was spread on to a slide for phase contrast microscopy. An overview of the

methodology can be seen in Fig 3.2.3.
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Table 3.2.2 Range of broths utilised in C. difficile spore germination experiments.
Broth types and additives are shown.

Broth

Additional Additives

BHI

Schaedler

Nil

5 % lysozyme

0.1 % taurocholate, 0.4 % glycine

0.1 % taurocholate, 0.4 % histidine

0.1 % taurocholate, 0.4 % glycine, 0.4 % histidine

1% taurocholate, 4% glycine

Nil

5 % lysozyme

0.1 % taurocholate, 0.4 % glycine

1 % taurocholate, 4 % glycine

Figure 3.2.1. An overview of the methodology used in solid agar experiments.
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3.2.5 Agar-incorporated minimum inhibitory concentration (MIC)
testing
The minimum inhibitory concentration (MIC) for glycine and taurocholate was tested

both alone an in combination (4:1 ratio) against C. difficile strains of five ribotypes (001,
015, 020, 027, 078). An agar-incorporation MIC methodology was utilised that has
been used previously by Baines et al (280). Test compounds were weighed out in
doubling concentrations and added to individual aliquots of Wilkins-Chalgren anaerobe
agar or CCEY agar. CCEY agar was supplemented with 2 % lysed, defibrinated horse
blood. C. difficile vegetative populations were grown up overnight in Schaedler’s broth
in an anaerobic cabinet. Both spore and vegetative (1:10 dilution of 24-hour
Schaedler’s broth culture) populations of the five C. difficile strains were inoculated
(~10* cells) on to glycine/taurocholate incorporated agar. Inhibition of growth was
assessed after anaerobic incubation at 37° C for 48 hours, where the lowest

concentration at which visible C. difficile growth was inhibited was recorded as the MIC.

3.2.6 Minimum Inhibitory Concentration (MIC) Testing in
Microbroths

BHI broths with increasing concentrations (1, 2, 3, 4 %) of three amino acids (glycine,
L-histidine, L-phenylalanine) were prepared and 180 ul was aliquoted into a 96-well
plate. Twenty-microlitres of spore solution (~5x10° /ml) were aliquoted into each well at
time point O; five strains of different ribotypes were utilised (001, 015, 020, 027, 078).
At 0, 24- and 48-hours absorbance readings were determined at 595 nm in a Tecan
Infinite 200 Pro reader at 20° C and under 1 atm of pressure. Negative controls were
prepared for each concentration, and the absorbance for the blanks was subtracted
from the absorbance of the inoculated wells to determine an accurate absorbance

reading based on growth alone. All wells were prepared in triplicate.

3.2.7 C. difficile spore desiccation
One day old (1 ml) spores of four ribotypes (001, 015, 020 & 078) were aliquoted into

Eppendorfs in biological triplicate and left in a homemade desiccator (Fig 3.2.3). At the
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0, 3- and 6-month time points spores were resuspended in the appropriate volume of
PBS and enumerated by serial dilution (10°) on a range of solid media (CCEY, CCEYL
and BHI (0.1 % taurocholate, 0.4 % glycine)). At the stated time points, 20 ul of spores
were transferred to 180 pl of three different broths (BHI, BHI (5 % lysozyme) & BHI
(0.1% taurocholate, 0.4 % glycine)) in biological triplicate. After 3 hours incubation,
spores and TVCs were enumerated by serial dilution (10-°) on CCEYL agar as
previously documented. CCEYL plates were incubated anaerobically for 48 hours. An
overview of the methodology for the desiccation experiments can be found in Fig 3.2.4

& Fig 3.2.5.

Figure 3.2.3. The desiccator used to age C. difficile spores. The desiccator
consisted of an air tight container filled with silica crystals to remove
moisture from the air. Silica crystals in dehydrated form are blue but
become red after hydration.
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were incubated in broths at 0, 3 & 6 months.
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3.2.8 Statistical analysis
Statistical analysis was carried out in on IBM SPSS Statistics 22. Prior to statistical

analyses data was assessed for normality and homogeneity of variance between
groups. Data normality was assessed using histograms and Kolmogorov-Smirnov
tests. Homogeneity of variance was assessed using Levene’s test; in the case of
significant differences in variance between groups Welch’s ANOVA was utilised. All
means are reported with standard error of the mean (SE). A statistical significance level
of <0.05 was adopted, <0.01 highly significant and <0.001 very highly significant. X
represents the mean of several specified ribotypes. Individual details of statistical

analysis are found with each experiment.

3.3 Results

3.3.1 Spore Recovery on Solid Media

Spore recovery varied considerably between different media types (Fig 3.3.1). In the
absence of supplementation, recovery was ~1 l0g.0CFU/mI greater on CCEY vs BHI
media (range = 0.1 — 2.4 log10CFU/ml). The increased recovery of spores on CCEY vs
BHI was observed in all but the RT 078 strain (P > 0.05). Greatest spore recovery was
achieved in CCEY (X = 8.20 = 0.03 log10CFU/ml), CCEYL (X = 8.26 = 0.05
log10CFU/mI) and BHI supplemented with taurocholate (X = 8.25 + 0.06 log.cCFU/ml).
The incorporation of 5% lysozyme had no substantial effect on the recovery of spores
in either media (CCEY X =8.20 + 0.03 vs 8.26 = 0.04 log10CFU/mI, BHI X = 7.28 + 0.20
log10CFU/ml vs 7.10 + 0.18 log1oCFU/mI) (P > 0.05). In BHI, supplementation with
taurocholate (0.1 % or 1 %) significantly increased the recovery of spores by on
average ~1 logio,CFU/ml (range = 0 — 2.7 log10CFU/mL). Differences were observed
between strains; the RT 001 strain showed a very highly significant increase (5.80 +

0.13 log1oCFU/mI vs 8.45 £ 0.08 log10CFU/mI) (P<0.001), in contrast to the negligible
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difference observed for the RT 078 strain (7.95 + 0.05 log10CFU/ml vs 8.03 = 0.04
log10CFU/mI) (P>0.05). On the contrary, taurocholate supplementation alone had no
substantial effect on the recovery of spores on CCEY media (X = 8.20 £ 0.03

log10CFU/mI vs 8.29 + 0.05 log1sCFU/mI).

Incorporation of 4 % glycine alongside taurocholate caused a marked reduction in
spore recovery to below the lower limit of detection (1.22 log10CFU/mI) in both CCEY
and BHI. Lower concentrations of glycine (0.4 % & 0.8 %) had no substantial effect on
recovery in BHI, but in CCEY this decreased ~3 logi1o,CFU/ml and ~6 log1oCFU/ml,

respectively.
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3.3.2 Spore Broth Pilot Study

RT 027 spore numbers showed a time dependent decrease (Fig 3.3.2), decreasing
~1log from 30 to 90 minutes (6.25 £ 0.02 log10CFU/mI vs 5.10 £ 0.03 log10CFU/mI; P<
0.001), indicating spore germination. Total viable counts (TVCs) remained relatively
stable between the 30- and 90-minute mark (7.02 £ 0.03 log.0cCFU/ml vs 7.06 + 0.01
log10CFU/mI; P < 0.05). Spore numbers continued to decrease after 90 minutes at a
reduced rate; spore numbers decreased from 5.10 + 0.03 log10CFU/ml to 4.87 + 0.04

log10CFU/mI after 120 minutes.
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3.3.3 Spore Germination in Broths
Spore germination was induced by the inclusion of taurocholate and glycine at either

concentration utilised (0.1 % taurocholate/ 0.4 % glycine, 1 % taurocholate/ 4 %
glycine) (Fig 3.3.3). In BHI, spore levels were significantly lower (~2 log1oCFU/mI) in
taurocholate supplemented broths (X = 4.32 £ 0.05 log1.0CFU/ml and 4.20 + 0.07
l0g10CFU/mI) vs 5 % lysozyme (X = 6.38 + 0.06 log10CFU/mI) and non-supplemented (X
=6.43 + 0.06 log1oCFU/mI; P<0.001) BHI broths. Incorporation of lysozyme did not
appear to have a substantial effect on the germination of spores. Total viable counts
were comparable between all of the BHI broths at 90 minutes (range; X = 6.69 + 0.09
l0g10CFU/mI — 6.75 + 0.09 log10CFU/mI). In addition, germination of spores in
Schaedler broth was comparable to BHI, with similar levels of spore decrease in
taurocholate supplemented (X = 4.22 £ 0.05 log10CFU/ml vs 4.26 £ 0.05 log10CFU/mI)
lysozyme supplemented (X = 6.27 £ 0.06 log10CFU/ml vs 6.39 + 0.06 log10CFU/mI;
P>0.05) and non-supplemented broths (X = 6.28 + 0.06 log10CFU/ml vs 6.43 + 0.06
log10CFU/mI; P> 0.05). There was no significant difference between total viable counts
in any of the Schaedler broths at 90 minutes (range; X = 6.67 £ 0.10 log10CFU/mI —

6.70 + 0.06 logiCFU/mI; P = 0.97).

Phase contrast microscopy showed that in broths supplemented with taurocholate and
glycine, phase dark spores predominated after 90 minutes were (Fig 3.3.4). At the
zero-time point, the RT 078 strain contained a majority of phase dark spores compared
with phase bright spores in both BHI and Schaedlers (X = 76.40 = 2.00 % vs 7.45 +
1.00 %; P< 0.001). In non-supplemented BHI broths, after 90 minutes incubation,
phase bright spores were more prevalent than phase dark spores or vegetative cells in
four of the strains (001, 015, 020 & 027) (X =70.7 £11.2 % vs 18.0+8.3 % vs 11.4 £
10.1 %). In contrast, in both sets of supplemented BHI broths, phase dark spores were
the predominant entity in all five strains with minimal levels of phase bright spores (<3

%). Vegetative populations made up a minority of the identified entities in all broths
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(range = 9.2% - 30.1%). The trends observed in BHI were also seen in Schaedler

broths.
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Figure 3.3.3. Mean (x SE) TVC and spore counts of five C. difficile strains of
different ribotypes (001, 015, 020, 027 & 078) germinated in two different
broths (BHI & SCH) in the presence of different germinants lysozyme (L),
taurocholate (TC) & glycine (GLY). (L) indicates broths supplemented with
lysozyme. 0.1 %/1 % indicates the taurocholate concentration, glycine
concentrations were four times that of taurocholate (0.4 %/4 %). Broths
were incubated for 90 minutes, after which aliquots were serially diluted in
PBS to obtain total viable counts. One set of aliquots was ethanol shocked
to obtain spore levels. TVC and spore counts for each broth at the 90-
minute time point are presented in adjacent columns (e.g. BHI TVC, BHI
Spores). Broths were carried out in biological duplicate and processed in
technical triplicate. One-way ANOVA with Tukey’s multiple comparisons
was used for statistical analysis. Very highly significant findings (P< 0.001)
are highlighted with ***,
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Figure 3.3.4. Phase contrast data for spores of five C. difficile strains of
differing ribotypes (001, 015, 020, 027 & 078) incubated for 90 minutes in two
broths (BHI & SCH) in the presence of a range of germinants (lysozyme (L),
taurocholate (TC) & glycine (GLY). (L) indicates broths supplemented with
lysozyme. 0.1 %/1 % indicates the taurocholate concentration, glycine
concentrations were four times that of taurocholate (0.4 %/4 %).. Data
represents the mean (x SE) of entities read from duplicate slides in 10 fields of
view. One-way ANOVA was used for statistical analysis. Very highly
significant differences (P<0.001) are highlighted with ***,
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3.3.4 C. difficile germination in the presence and absence of
additional supplementation

After 24 hours of incubation, spore counts were lower in the BHI(S) broths compared to
BHI alone (X =3.79 + 0.12 log10CFU/ml vs 5.08 % 0.21 log10CFU/mI; P< 0.001) (Fig
3.3.5). Over the first 6 hours of incubation, a gradual increase in TVC to reach peak
numbers was observed in the supplemented BHI broth (X = 6.46 + 0.02 log10CFU/ml,
6.92 + 0.09 log10CFU/ml, 7.57 + 0.16 log10CFU/ml; P< 0.01). In contrast, the non-
supplemented BHI broth took the whole 24-hour period to reach peak recorded TVC

levels (x = 6.43 £ 0.03 log10CFU/mI vs 7.95 + 0.08 log10CFU/mI; P< 0.001).

Spore numbers decreased significantly in both supplemented and non-supplemented
broths after 3 hours but to different extents (X = 5.97 + 0.10 log10CFU/ml vs 4.04 + 0.07
log10CFU/mI & 6.04 + 0.08 log1o0CFU/mI vs 5.33 + 0.29 log:0CFU/mI; P < 0.05). RT 078
showed considerable germination of spores after 3 hours in the non-supplemented
broth compared with RT 001 and RT 027 (3.72 + 0.06 log10CFU/ml vs 6.13 + 0.13
log10CFU/mI; P< 0.001). At the equivalent time point all three strains (001, 027 & 078)
showed similar levels of germination in the supplemented broth (x = 4.04 + 0.07
log10CFU/mI). Although very significant, spore numbers at 0 vs 24 hours were only
slightly lower in RT 001 and RT 027 when incubated in the non-supplemented BHI
broth (X = 6.15 + 0.11 log10CFU/ml vs 5.70 £ 0.05 log:0CFU/mI; P< 0.001). This
contrasts with RT 078, which showed a ~2 log:0CFU/ml drop after 24 hours (5.84 +

0.06 log10CFU/ml vs 3.85 + 0.04 log10CFU/ml; P< 0.001).
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3.3.5 Minimum Inhibitory Concentration (MIC) Testing

3.3.5.1 Agar-incorporated minimum inhibitory concentration testing

The MIC value for glycine was the same for all the strains utilised; 2% (20 g/L) (Fig
3.3.7). MIC values were equivalent in vegetative compared to spore populations (data
not shown). The inhibition was observed independently in glycine alone and in

combination with taurocholate.

C. difficile PCR ribotype

001 015 020 027 078

Glycine Concentration (%)

Figure 3.3.7. MIC testing of spores of five C. difficile strains of differing PCR
ribotypes (001, 015, 020, 027 & 078) against increasing concentrations of
glycine (0, 1.5, 2.0 & 2.5 %). Growth was substantially inhibited in all strains
at a glycine concentration of 2.0 %.
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3.3.5.2 Minimum inhibitory concentrations testing in microbroths
At the highest concentration of amino acid (3%), growth of C. difficile was completely
inhibited by all three amino acids (glycine, L-histidine & L-phenylalanine) (Fig 3.3.8). L-
phenylalanine exerted the most potent effect against microbial growth, with growth
being very significantly inhibited at a concentration of 1 % (P< 0.001). Glycine inhibited
growth at 2 % (P< 0.001) and L-histidine was the least potent of the three amino acids,

with concentrations of 3 % required (P< 0.001).
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Figure 3.3.8. Mean (x SE) growth of five C. difficile strains of differing ribotypes (001,
015, 020, 027 & 078) in BHI containing increasing concentrations (0, 1, 2, 3, & 4

%) of one of three amino acids (glycine, L-histidine, L-phenylalanine).

Absorbance readings (595 nm) shown are at 0- and 24-hours post-spore
inoculation. At higher concentrations of amino acids, growth is inhibited. One-
way ANOVA with Tukey’s multiple comparisons was used for statistical analysis.
Very highly significant findings (P<0.001) are highlighted with ***,
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3.3.6 C. difficile spore desiccation
A statistically significant decrease in spore recovery was observed on solid agar when
the mean recovery of all five ribotypes was compared between the 0 and 6 month time
points (P< 0.01) (Fig 3.3.9). Spore recovery dropped in BHI(S) (8.78 + 0.12log1o,CFU/mlI
vs 8.61 + 0.13l0og10CFU/mI), CCEY (8.75 + 0.13 log1cCFU/ml vs 8.58 +
0.16l0g10CFU/mI) and CCEYL (8.75 + 0.13 log1eCFU/ml vs 8.63 + 0.12 log:0CFU/ml)
over the sixth month desiccation period. There was no difference in recovery between

the three different solid media at any of the time points.

Decreased TVCs were observed in desiccated spores incubated in BHI and BHI(L)
broths comparing the 0- and 6-month time period (Fig 3.3.10). At 6 months, BHI TVC
counts had decreased from 7.73 £ 0.02 log10CFU/ml to 7.37 £ 0.02 log10CFU/ml (P<
0.001) and 7.71 + 0.03 log10CFU/ml to 7.41 + 0.01 log:o0CFU/mI (P< 0.001) in BHI(L). A
similar time-dependent decrease in spores was observed in these broths. The same
decrease in TVC was not observed in BHI(S) broths, but a significant decrease in
spore numbers was seen at the 6-month time period (5.44 + 0.05 log1oCFU/ml vs 4.64

+ 0.03 log1CFU/ml) (P< 0.001).
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3.4 Discussion

3.4.1 Recovery of C. difficile on solid agar

A variety of supplementation regimens were implemented in two solid media in order to
optimise recovery in C. difficile spores of five C. difficile strains, with extensive variation
in recovery observed (Fig 3.3.1). CCEY and BHI were chosen due to their popularity as
media in culturing C. difficile. CCEY (cefoxitin-cycloserine egg yolk) agar has been
used by clinical laboratories to isolate C. difficile from stool samples; this has been
validated as a low-cost and highly sensitive medium for isolation of C. difficile (277) .
Cycloserine (an antibiotic active against Gram-negative species) and cefoxitin
(selective for enterococci and C. difficile) help to eliminate the background gut flora
(278). Supplemented BHI (brain-heart infusion) is regularly used for sub culturing C.
difficile. BHI is not selective and is often supplemented with taurocholate and glycine
to increase germination of C. difficile spores. It has been established that the primary
bile acids, including cholate, glycocholate and taurocholate contribute to increasing the
germination efficiency of C. difficile spores (62, 270); up to 10° greater in some studies
(261). The experimental evidence formed the basis for including this combination

(taurocholate & glycine) in the current work.

Taurocholate supplementation increased spore recovery on BHI but not

on CCEY

Taurocholate supplementation increased recovery in BHI by ~1 log (Fig 3.3.1). The
additional inclusion of glycine did not increase spore recovery further. Inclusion of
taurocholate at either concentration had no significant effect on the recovery of spores
on CCEY. The inherent presence of cholate, a primary bile acid stimulatory to C.
difficile germination in CCEY may explain the lack of effect of taurocholate inclusion. It
should be noted that the lowest concentration of taurocholate used in this study was
0.1 %, but lower concentrations (0.05 %) have been found to be equally effective in

some studies (281). The addition of glycine did not increase recovery further in BHI
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supplemented with taurocholate (8.3 vs 8.2 log.0oCFU/mI). It is hypothesised that BHI
inherently contains a source of glycine sufficient to support the action of taurocholate in
stimulating germination. Additional supplementation of glycine could be considered
superfluous to requirements. Optimal concentrations for germination ranged between
~0.07-0.7 % for five identified amino acid co-germinants in one study (282). Although
higher glycine concentrations increase the rate of germination, overall levels of
germination are unlikely to be affected after sufficient time has passed to allow

germination (263).

Inter-strain variation in response to the addition of germinants was seen. RT 027 and
RT 078 recovery increased to a lesser extent compared to other strains when 0.1 %
taurocholate was added to non-supplemented media. Germination in the absence of
taurocholate of a RT 078 strain (M120) has been found previously in studies
investigating spore germination (173). On the contrary, in this study 078 recovery was
~0.5 log10CFU/mI higher in BHI plates supplemented with 1 % taurocholate and 0.8 %
glycine; suggesting that germination may be more tightly regulated in RT 078 and

require more glycine participation.

Remarkably, one study found that strains associated with more severe disease had
impaired germination in the presence of taurocholate alone (271). This suggests some
strains may have a highly regulated germination mechanism whereby spores only
germinate in the most favourable of conditions. Previously it has been found that some
strains will germinate in BHI alone in the absence of taurocholate. This phenomenon
did not appear to be RT dependent, suggesting germination responses are not global
within RTs (283). However, the ability of spores to germinate in the absence of
taurocholate has been gquestioned in recent work by Bhattacharjee et al (258). Different
strains were found to have dissimilar affinities for taurocholate. Bile acids are present in
blood and could be present in animal products such as media. Germination of spores
may be mediated by a high affinity for taurocholate at low concentrations. This provides

a potential explanation for why RT 078 germinated in the apparent absence of
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taurocholate. The question still remains as to why RT 078 required greater

concentrations of glycine to optimise germination.
Higher concentrations of glycine were inhibitory to C. difficile

In the case of higher concentrations of germinants (1 % taurocholate, 4 % glycine)
spore recovery was inhibited to below the lower level of detection (Fig 3.3.1). A level of
inhibition was also visible in CCEY plates supplemented with lower concentrations, but
not in BHI. Initially taurocholate supplementation alone was not included in the
experiment; leading to the hypothesis that inhibition could be due to the increased
levels of primary bile acids in the media. As taurocholate and other primary bile acids
have been found to be inhibitory to a range of other species (284), it was hypothesised
higher concentrations could be toxic to C. difficile. The disparity between CCEY and
BHI could be explained by the presence of cholate in CCEY, producing a higher

concentration of inhibitory primary bile acid.

To investigate this hypothesis, taurocholate was included alone in the absence of
glycine. The hypothesis was rejected due to spore recovery returning to normal levels.
This led to a new hypothesis; glycine was the inhibitory agent in the media. Decreased
levels of glycine were chosen (0.8%) in addition to the previously utilised combination
(0.1 % taurocholate/ 0.4 % glycine & 1 % taurocholate, 4 % glycine) and in CCEY
recovery increased slightly to above the LLOD (1.22 logi1oCFU/mI) supporting the
inhibitory role of glycine. Glycine was explored further in order to determine its
inhibitory nature. Spore recovered was not inhibited in BHI media supplemented with
0.8 % glycine. This is likely due to the differing composition of the two media; CCEY
may inherently contain larger concentrations of glycine, negating the requirement of

supplementation to observe inhibition.

In summary, this work indicates the comparability of two solid media commonly used in
C. difficile research for spore recovery; supplemented BHI and CCEY/CCEYL.

Although CCEY and CCEYL recovery was comparable, CCEYL was used preferentially
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in subsequent experiments for spore recovery due to being readily available.
Additionally, the inhibitory nature of glycine has been identified. The nature of inhibition

was unknown, and further work is required to elucidate the mechanism.

3.4.2 Germination of C. difficile in broths
The germination of C. difficile was investigated in liquid media, with the same

germinants and similar concentrations to those used in solid agar recovery experiments
(Fig 3.3.3). It was hypothesised recovery would be greatest in broths supplemented
with taurocholate and glycine. An initial spore pilot study using one strain (027) in 0.1 %
taurocholate/ 0.4 % glycine supplemented broths was carried out to evaluate
appropriate time-scales for sampling (Fig 3.3.2). At 90 minutes substantial germination
was evident; spore numbers decreased by ~1 logioCFU/ml from the 60-minute mark
and the ratio between TVC and spores increased. Sampling at 90 minutes was chosen
for future experiments, as levels of germination were substantial and this allowed time

for processing the broths without further significant germination.

Taurocholate and glycine are necessary for optimal germination of C.
difficile

Germination was greatest in the presence of taurocholate and glycine; increasing
concentrations above 0.1 % taurocholate/ 0.4 % glycine had no additional effect (Fig
3.3.3). Schaedler and BHI were comparable for germinating spores in liquid media.
Spores incubated in 5 % lysozyme did not show any additional germination compared
to non-supplemented media, as observed in the agar experiment. The spores used in
this experiment were pure and in large numbers, providing a potential explanation. The
lack of activity compared to traditional germinants (taurocholate & glycine) does
guestion the legitimacy of lysozyme as a germinant. Based on the contradictory
relationship between the literature and this dataset (275, 276, 285), the activity of
lysozyme as a germinant could be limited to situations where small numbers of spores
are present, particularly in the case of recovery from environmental specimens.

Lysozyme was used alone without cogerminants, which is another consideration.
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Contrary to what was observed on solid agar, the higher concentration of glycine (4 %)
appeared to have no substantial effect on spore recovery in broths. This supports the
conclusions made previously that glycine acts on vegetative C. difficile cells. Ninety-
minutes in the broths is sufficient to elicit germination in the spores, but a large
proliferative population will take longer to develop. This notion is supported by the
phase contrast microscopy data; the majority (~75 %) of entities being identified in
supplemented broths were phase dark spores and a minority vegetative cells (~20 %)
at 90 minutes (Fig 3.3.4). Spores transition from phase bright spores to phase dark
spores upon germination (286). Following broth incubation spores were removed and
streaked on to CCEYL, a medium free from high concentrations of glycine. This

medium will allow vegetative cells to proliferative.
RT 078 presented with different germination characteristics

RT 078 showed some unanticipated characteristics. At the zero-hour time point the
phase contrast data were different to that of the other strains (Fig 3.3.4). Most of the
entities identified were phase-dark spores. There are several explanations; firstly, RT
078 spores may germinate more readily than other spores when left on the bench in 50
% ethanol. Work has shown that C. difficile spores will germinate in both anaerobic and
aerobic environments. One would expect substantial biological decay over time, which
has not been observed in the literature. RT 078 spores could have a divergent spore
coat with different optical properties than those of other strains. In theory, this would
allow identification of phase dark spores in the absence of germination. This seems
highly unlikely given that phase bright spores were observed, albeit in small numbers.
The mostly likely explanation is based on how the slides were processed. RT 078
spores may have germinated during the 50° C slide drying stage. This is the most likely
explanation given the incongruity between the phase contrast data and the broth

enumeration, where germination appeared comparable with the other strains.

C. difficile spores will germinate in the absence of additional

supplementation
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When C. difficile spores of three RTs (001, 027 & 078) were incubated for 24 hours in
BHI and BHI(S), germination occurred more rapidly in the supplemented broths (Fig
3.3.5). The spores still germinated in BHI alone, but at a slower rate. At the end of
incubation spore levels were ~1 log:0CFU/mI higher in non-supplemented BHI than in
BHI(S). A vegetative population was present in both sets of broths, suggesting a
minority of spores were germinating in the absence of supplementation. At the O-time
point, it would be expected spore and TVC numbers would be similar due to lack of
germination. Spore germination began immediately in RT 001 in supplemented broths,
with a substantial drop in spore numbers. The same trend was seen in RT 078; RT 027
took 3 hours to begin germination. Most strikingly, RT 078 germinated immediately in

the absence of supplementation.

Previously a RT 027 strain was found to have increased germination in 0.1%
taurocholate compared to a RT 106 and a RT 078 strain (287). Strains associated with
severe CDI and recurrence were also found to have increased germination efficiencies.
It might be the case that hypervirulent RT 027 strains associated with recurrence have
a highly regulated germination cascade allowing the greatest chance of outgrowth. The
lack of requirement for high concentrations of taurocholate in RT 078 may illustrate
divergent epidemiology; with non-human animals being identified as a potential major

reservoir (288).

Previous studies have identified strains that appear to germinate in the absence of
stimulatory germinants and in the presence of inhibitory bile acids such as
chenodeoxycholate (283). Bhattacharjee et al suggested that media derived from
animal products contain a small amount of stimulatory bile acids (258). In the cited
study, strains appeared to be germinating in the absence of germinants; the CspC
germinant receptors had a higher affinity for stimulatory versus inhibitory bile acids.
These strains can germinate in lower concentrations of stimulatory bile acids, without
additional supplementation. In addition, RT 078 showed a decreased response to

additional supplementation with taurocholate. This could be due to being responsive to
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lower levels of primary bile acids, which could be important in the case of recrudescent

disease.
Lysozyme did not increase spore recovery in either media

Lysozyme has been considered a C. difficile spore germinant for several decades
(285), with other studies elucidating its value in recovering environmentally aged and
heat treated spores (275, 276). While lysozyme is generally bactericidal, vegetative C.
difficile is highly resistant (289) possibly due to variants in the peptidoglycan wall (290).
However, in this study no beneficial effects of recovery on spores were observed in the
presence of lysozyme. Conversely, in one strain (078) the addition of lysozyme in BHI
appeared to inhibit recovery to some degree. However, this phenomenon was not seen
when the same strain was grown on CCEYL. This could indicate an unidentified
mechanism but is likely an artefact; there is no logical reason lysozyme would inhibit

the growth of RT 078 on BHI(L) agar, but not CCEYL.

Spores incubated in 5% lysozyme did not show any substantial germination additional
to that observed in non-supplemented media (Fig 3.3.3). This is in accordance to the
results seen on solid agar (Fig 3.3.1). The equivalent explanation can be given for this
being contrary to what is observed in the literature. The spores used in this experiment
were pure and in large numbers. However, the lack of any activity compared to the
traditional germinants (taurocholate & glycine) does question the legitimacy of
lysozyme as a germinant. Based on the contradictory relationship between the
literature (275, 276, 285) and this dataset, the use of lysozyme could be limited to
situations where small numbers of spores are present, particularly in the case of
recovery from environmental specimens. It may also be considered that lysozyme was

used alone in the current study; it could act as a co-germinant.

3.4.3 The inhibitory nature of L-amino acids

Further investigation of the inhibitory nature of glycine was required. Previously, high

concentrations of glycine (4 %) had been shown to be inhibitory to C. difficile recovered
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on solid agar. It was necessary to use a gold-standard methodology of agar-
incorporated minimum inhibitory concentration testing to elucidate this interaction
further. Two scenarios were possible, glycine could be inhibitory to spore germination
or to vegetative cell proliferation. It was unclear whether this inhibition was unique to

glycine.
Glycine was inhibitory to C. difficile proliferation

Both spore and vegetative populations were inoculated on plates with increasing
concentrations of glycine and taurocholate. Agar-incorporated MIC testing with glycine
illustrated the inhibitory nature of glycine at 2.5 % in all five strains tested (Fig 3.3.7).
This inhibition was seen in both vegetative and spore populations, supporting the

conclusions made previously that glycine acts on vegetative C. difficile cell proliferation.

Glycine has been historically reported as being inhibitory to other bacterial species,
including E.coli (291), and the role of glycine has more recently been evaluated due to
its penicillin synergism in H. pylori eradication (292). It has even been investigated in
dentistry as a replacement for sodium bicarbonate in airbrushing dental appliances
(293). The mechanism of glycine inhibition is thought to involve the replacement of D-
alanine residues in tetrapeptides responsible for cell wall linkage in the bacterial cell
wall (294). These tetrapeptides hold together the glycan strands, and changes to the
terminal amino acid D-alanine result in defective linkage. It has also been observed that
the D-alanine substitution proposed can be induced by amino acids other than glycine,

for instance D-threonine, D-valine, D-leucine and D-methionine (295, 296). It is unclear if

this mechanism could account for the inhibition seen in C. difficile.

The picture is further complicated by the microbroth MIC results (Fig 3.3.8). In addition
to glycine two other amino acids, L-phenylalanine and L-histidine, exhibit inhibitory
properties against C. difficile growth. Previously, amino acids have been found to be
suppressive on the production of toxins A and B in one C. difficile strain (297). L-amino

acids are ubiquitous in nature, and their inhibitory nature has not been reported
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previously. One explanation rests on the observation that the peptidoglycan cell wall is
different in C. difficile; extensive levels of 3-3 cross linkage catalysed by L, D-
transpeptidation are present in contrast to the 4-3 cross links produced by D,D-
transpeptidation in other bacteria (298). It seems feasible amino acid substitutions at
higher concentrations could be possible. Another potential solution rests with recent
work documenting the presence of a C. difficile alanine racemase on spores (299).
Alanine racemases are embedded on the spore coat of many spore forming bacteria,
and it is believed they facilitate the conversion of L-alanine to its enantiomer D-alanine.
Interestingly, the same work found the racemase would also accommodate L-serine
and its subsequent conversion (299). It is theoretically possible other such racemases
exist, or the currently identified racemases can accommodate additional L-amino acids.
This seems plausible and would form the basis for a possible mechanism for explaining
the inhibition seen in this work. Racemase activity could lead to L-D isomer conversion,
and as stated previously a potential mechanism of D-amino acid inhibition exists that
could explain the inhibition seen in this study. At present, the mechanism remains

unidentified and warrants further investigation.

3.4.4 Desiccation of C. difficile spores

Spores exhibited a significant time-dependent decrease in recovery

When spores of four ribotypes (001, 015, 020 & 078) were pelleted and leftin a
homemade desiccator for 6 months, a decrease in spore recovery was observed on
both solid agar (BHI, CCEY, CCEYL) (Fig 3.3.9) and when spores were incubated in
broths (BHI, BHI(L), BHI(S)) (Fig 3.3.10). However, in the case of spore recovery on
solid agar there was no significant difference in spore recovery on the agars used. It
has been suggested that environmentally aged or distressed spores may require
additional germinants such as lysozyme to optimise C. difficile spore recovery (275),
with ageing suggested to induce spore “superdormacy”. Although spore recovery was

found to decrease over the 6-month time period, the use of 5 % lysozyme did not
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mitigate this drop suggesting no role for superdormancy. The previous study
highlighting a role for lysozyme was recovering small numbers of C. difficile spores
from environmental samples (275). At 3 and 6 months, a small but visible amount of
spore pellet was not amenable to resuspension in PBS despite vigorous vortexing and

manual homogenisation; perhaps accounting for the observed drop in spore recovery.

Spore germination efficiency appeared to increase after 6 months of

desiccation

There was a ~1 log decrease in spore numbers at 6 months compared to the 0-month
time point (Fig 3.3.10). No corresponding decrease in TVC was observed. One
hypothesis is that this represents an increased germination efficiency of the spores at
the 6 month time point. Previous work studying three strains observed that R20291
exhibited increased germination efficiency after incubation at room temperature in PBS
for 4 months (300), however, the opposite effect was observed in two other strains
(M120 (PCR ribotype 078) and DK1 (unidentified PCR ribotype). The author suggested
R20291 spores could be exhibiting decreased superdormancy in response to age, the
reverse occurring in M120 and DK1 spores. Thus, increased spore germination
efficiency with age has been observed previously. It is hard to reconcile these findings;
the current study did not include a RT 027 strain and increased spore germination
efficiency is reported in all four strains used. Desiccation was also used in contrast to
storage in PBS, and it is conceivable that dry storage could have a considerable effect

on the spore exosporium and consequently the spore germinant response.

Superdormancy is of importance in rCDI for several reasons. Recurrence can occur
within two contexts; relapse and reinfection. In a patient who has not suffered a
previous episode of CDI, ingestion of spores may facilitate disease. Superdormant
spores with an increased germination efficiency will outgrow more rapidly, producing
more spores. The additional spores produced are likely to adhere to the colonic
epithelium and increase the risk of relapsing disease in the future. The same scenario

of increased germination of superdormant C. difficile spores could occur in patients
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who reingest spores from the environment, facilitating initial infection or reinfection. The
findings presented in this thesis at least support the hypothesis that spores of some

strains may exhibit increased germination efficiency when ‘environmentally aged’.

Conclusion

C. difficile spores can be recovered optimally on solid agar using non-supplemented
CCEY or BHI supplemented with 0.1 % taurocholate. Additional amino acid
supplementation does not appear to be necessary. Germination of C. difficile is
optimised in broths by using the same combination; taurocholate appears to be the
important prerequisite for optimal recovery. Lysozyme is not an effective germinant
when used on large numbers of laboratory prepared pure spores. Glycine and two
other amino acids, L-phenylalanine and L-histidine were inhibitory to C. difficile growth.
The mechanism remains unidentified, but several hypotheses have been suggested.
Although interesting, it is unlikely that this phenomenon could be translated into a
clinical context due to difficulty in reaching therapeutic amino acid levels in the host.
Desiccation for 6 months (mimicking environmental ageing) revealed an increase in the
germination efficiency of spores. This could be of importance in the case of rCDI,
where ingestion of environmental spores leads to recurrence due to reinfection. One of
the most remarkable findings of this study highlights the divergent germination
characteristics of a RT 078 strain. This effect was observed when the strain was
recovered on solid agar and cultured in liquid media. Although experiments utilising
more RT 078 strains would strengthen these conclusions, it is feasible that the ability of
RT 078 to germinate in less selective conditions could explain its epidemiological

prevalence.
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Chapter 3 B — Heat treatment of Clostridium
difficile spores

3.5 Background & Rationale

Bacterial spores have a high resistance to the damaging effects of heat. The effect of
heat on bacterial spores is of concern for two reasons. Spores of several spore-formers
(B. subtilis, C. perfringens) have been reported to be ‘activated’ in response to sub
lethal heat treatment (301-303) . The administration of heat at sub-lethal levels is
usually administered between 60-75° C for ~30 minutes. In one study C. difficile
germination was found to be increased by ~30 % in environmentally aged spores in
response to sub lethal heat treatment (253). The same effect was not observed in
freshly produced spores. Other studies have also failed to ‘heat activate’ freshly
produced C. difficile spores (304, 305). A number of different temperatures and
durations have been utilised in trying to optimise C. difficile germination, but no

consensus exists (254, 261).

The survival of clostridia spores at high temperatures is a concern in food processing.
Species of clinical concern include C. difficile, C. botulinum and C. perfringens. The
importance of heat resistance has been documented in the case of C. perfringens food
poisoning; spores of foodborne chromosomal CPE (chromosomal enterotoxin gene)
carrying isolates display increased heat resistance versus non-foodborne plasmid CPE
carrying isolates, allowing these spores to survive and cause human disease (306). C.
perfringens spores are particularly resistant to heat treatment; spores are able to
survive temperatures exceeding 100° C for short periods of time (307). The detrimental
effect of heat on microorganisms has been evaluated by the calculation of D and Z
values (308-310). The time taken for a 90 % (1 log) reduction in numbers is defined as
the D-value; the Z-value denotes the temperature increase required to decrease the D-
value by a magnitude of ten (i.e. a 10-fold decrease in the time taken for a reduction of

90 % reduction in numbers). The D value at 100 ° C for C. perfringens has been
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reported at between 16-21 minutes and a D-value of 55 minutes at 85° C (311, 312). C.
perfringens spores were also found to exhibit higher thermal tolerance in response to

prior sublethal heat treatment (311).

Since the 1980s the effects of heat on C. difficile have been studied (276). The heat
resistance of C. difficile spores has been investigated, with some strains being shown
to resist high temperatures (90° C) for more than 10 minutes (313). One study
illustrated that C. difficile spores can survive extended heating at 71° C, a
recommended minimum cooking temperatures (253). Viable spores of 20 clinical
strains were isolated after heating at 71° C for two hours (314). The current guidelines
for reheating food in the UK recommend a temperature of 82 °C, below that required
for the complete inactivation of C. perfringens spores (315). This is of lesser
importance in C. difficile, due to the discovery of lower D values vs other Clostridia (C.
botulinum, C. perfringens) (314). Although not fully appreciated, foodborne
transmission of C. difficile is possible and has been evaluated using thermal death

models (316).

The survival of C. difficile spores has been investigated in media other than
phosphate-buffered saline. One study compared the recovery of spores (four C. difficile
strains) after heat treatment at several temperatures for 10 minutes in peptone water or
fresh pork. Higher D-values were observed in the pork heated spores, suggesting the
environmental conditions and surrounding matrix could be buffering the heat and
subsequently protecting the spores (316). This phenomenon has been replicated in
other work (253). In addition, research using B. cereus indicates that matrix could have
altered the ability of the spore to recover subsequent to heat treatment (317). Many of
the reported D-values for C. difficile spores use only one medium, leading to a potential
underestimation of heat resistance. This is of importance in the food industry, where
higher temperatures than those reported in the literature are required in the case of

sterilisation of meat products.
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Community acquired CDI accounted for ~32 % of cases in the United States in 2013
and whole genome sequencing has been used to recognise a lack of a clear
transmission pathway in a substantial number of CDI cases in the UK (318, 319). Food
could serve as one of a number of environmental reservoirs for C. difficile, including
soil, nosocomial surfaces, swimming pools and the household (124). C. difficile has
been isolated from a number of cooked meats and food products as well as raw meat
products (118, 119). In addition to being present in uncooked meat products such as
poultry, C. difficile spores have been isolated from raw ‘ready to eat’ vegetables in
France (320). However, only 2.9 % of samples (3/104) contained toxigenic C. difficile.
Conversely, the contamination of 26.8 % (22/82) of fertilisers with C. difficile illustrates
a possible mechanism of foodborne contamination in Western Australia (122). Further
work by the same group found a ~15 % contamination rate with toxigenic C. difficile in

root vegetables commonly sold in retail stores and farmers markets (123).

The thermal tolerance of C. difficile spores could potentially account for the
transmission of spores to patients through food. However, whilst food could serve as a
C. difficile reservoir and facilitate asymptomatic carriage in the community, a 2016
prospective study found C. difficile in only 0.2 % of hospital food (910 samples, 149
patients), with neither patient receiving the food becoming colonised (321). It is unlikely
that foodborne C. difficile plays a large role in nosocomial acquisition, but it should be
noted different practices and food preparation techniques are likely to be present in the

UK.

In summary, food is a possible reservoir of C. difficile. In the nosocomial environment,
food is unlikely to be a major source of CDI and subsequent potential recurrences.
Although no transmission has been demonstrated and no outbreaks are attributable to
foodborne CDI (288) , food may present a possible route of transmission, particularly in
the community setting. As the majority of recurrence due to relapse occurs within 14
days of the initial episode (67), any recurrent episodes attributable to food are likely to

be due to reinfection, potentially in the community. In the case of reinfection, patients
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must be ingesting C. difficile spores from a source and food is one of many potential

reservoirs.

3.5.1 Superdormancy
Heat treatment of C. difficile spores has also become of interest due to the observed

effects of heat on spore germination and outgrowth. The phenomenon of
‘superdormancy’ was first recognised in Bacillus subtilis (59), and the mechanisms
have since been discovered to be similar in other Bacillus species including Bacillus
cereus and Bacillus megaterium (322). Superdormancy is a phenomenon in which a
small percentage of spores will fail to germinate in contrast to the vast majority.
Germination of these spores can take weeks or months and often requires non-
germinant-receptor based germinants, or a heterogenous mixture suggesting
superdormant spores require additional ‘signals’ to initiate germination. In 2009 a
nutrient exhaustion method was used by Ghosh et al. to produce and purify
superdormant spores of B. subtilis and B. megaterium (59), and a negative association
between germinant receptor numbers per spore and production of superdormant

spores was identified. Genetic differences did not account for superdormancy.

In one study C. difficile spores aged for > 20 weeks showed an increase in germination
efficiency compared to freshly produced spores when they were heated to 65° C or 71°
C for 30 minutes (253). Heat activation has been described for spores of several
species including Bacillus megaterium (323), Bacillus anthracis (324), Bacillus subtilis
(325), Clostridium perfringens (326) and Clostridium botulinum (327) . Conversely,
Wang et al. found heating spores of two strains of C. difficile at 65° C for 30 minutes
did not stimulate germination in C. difficile (304). Only two C. difficile strains were used,
and the isolates were from RTs of limited clinical significance (RT 060 & RT 031). Deng
et al (2017) found spore recovery to drop ~1 log after 3 months of storage in PBS
(328). However, one of the three strains demonstrated increased recovery after this
storage period, demonstrating a loss of superdormancy. Taken together, these findings

suggest superdormancy may be not only be strain dependent, but condition dependent.
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Nevertheless, these findings are congruent with those of Rodriguez-Palacios et al.
(253), suggesting sub-lethal heat activation has no beneficial effect on the germination
efficiency of freshly produced C. difficile spores. However, the finding that aged spores
germinated more efficiently when heated at sub-lethal temperatures suggests the
possibility of ‘superdormant’ spores of C. difficile that are reactivated by the effects of

sub-lethal heat.

Should superdormancy exist in C. difficile spores, it may play a role in recurrent
disease. After successful treatment of a first episode of CDI, C. difficile spores could
persist in the patient’s gastrointestinal tract, posing no immediate risk. As the healthy
microflora reconstitutes, the gut becomes more nutrient rich including the production of
germinants. This could provide a niche for the germination and outgrowth of
superdormant spores, which require a greater array of germinants. More controlled
germination would also give superdormant spores an advantage over non-
superdormant spores in causing later disease. More highly regulated germination
would allow outgrowing into an environment only in peak optimal conditions. It would
also render the ‘activate to eradicate’ germination solutions for C. difficile spore

eradication in the nosocomial environmental implausible (254).

To conclude, superdormant spores may be important in the context of rCDI for several
reasons. Superdormant spores are more likely to persist in the gut of patients who
have had a first episode of CDI; which could later result in recrudescent disease. In
addition, sub-lethal heating could also ‘reactivate’ superdormant spores, which is of

importance in the case of potential foodborne transmission.

3.5.2 Biofilms

C. difficile forms biofilms in the gastrointestinal tract, serving as a potential reservoir of
spores. Many of the proteins associated with maximal biofilm formation such as the

flagella, Cwp84, and LuxS have been identified as virulence factors (329).

The existence of two morphotypes of C. difficile spores has been investigated in

previous work (80). Both spores produced within biofilms and by sporulating planktonic
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cultures have been found to exhibit two morphotypes of spores; a ‘thin-exosporium’ or
‘thick-exosporium’ appearance. However, when spores from biofilm and sporulating
cultures were compared, biofilm-produced ‘thin-exosporium”spores were found to have
a thinner exosporium. In addition, the two morphotypes appeared in a different ratio to
that in spores produced by planktonic culture. It is unclear what role if any the
differences in biofilm produced spores could have on recurrence. Further work will
need to be carried out investigating the attachment and persistence of these spores in
the gastrointestinal tract, using a wider variety of strains. Data on the germination
efficiencies and response to heat treatment would also serve to understand their role

more completely.

Curiously, one study found an inverse association between possessing an appendix
and rCDI risk (330). Eleven variables were retrospectively analysed in the case of 254
patients with CDI. The study was limited by its retrospective nature and data was only
obtained from one centre. Nevertheless, the appendix is an important site of biofilm
activity and is rich in lymphoid tissue, a prerequisite for immune function. A separate
study of 509 patients with CDI found a statistically significant increase in colectomy
amongst CDI patients who had previously had an appendicectomy (330). It is
hypothesised that the absence of an appendix allows more pervasive biofilm formation
by C. difficile, leading to a greater chance of recurrence due to persistence. In a recent
study, the importance of biofilms in CDI has been highlighted by the finding that
fidaxomicin has a greater ability to penetrate biofilms, coating spores (248) and killing
vegetative cells (331). Given the decreased recurrence rates observed with fidaxomicin
treatment, spores produced within biofilms may be an important target in preventing

rCDI.

In this work it is hypothesised that spores of different RTs have intrinsic differences in
their resistance to heat. In addition, it is theorised that environmentally aged spores

germinate in response to heat, thereby ‘reactivating’. Finally, it is hypothesised that
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spores produced on solid agar are more heat resistant than those produced in liquid

media, complementing the findings of the existing literature.

3.6 Methods

All strains used were clinical isolates obtained from the Clostridium difficile ribotyping
network (CDRN). All experiments were carried out in biological duplicate (different
spore preparations) and technical triplicate (each biological replicate processed in
triplicate) unless otherwise stated. Spore viability was assessed by recovery on CCEYL
agar. CCEYL agar is comparable to BHI supplemented with taurocholate for recovery
of C. difficile spores (38). CCEYL inherently contains cholate, a stimulatory bile acid
comparable to taurocholate. Lysozyme was incorporated into CCEY due to previous

efficacy in recovering heat-treated spores and clinical isolates (21, 40).

3.6.1 Production of spores
3.6.1.1 Spores produced on solid media
Spores were produced as outlined in the germination experiments of Chapter 3A.

3.6.1.2 Spores produced in liquid media
Spores of five PCR RTs (001, 015, 020, 027 & 078) were produced as follows; ~5x108

spores were aliguoted into 500 ml of BHI (supplemented with 0.1 % taurocholate) and
incubated anaerobically for 10 days. For all ribotypes, both biofilm-derived and
planktonically-derived spore populations were produced. For production of spores in
planktonic culture flasks were continuously shaken at 0.5 g for the duration of

incubation.

After 10 days, the contents were centrifuged at 3750 g. The spores were purified using
a modified protocol utilising HistoDenz™ (Sigma-Aldrich) as previously described (261).
Briefly, the pellet was resuspended in 400 pl of 20 % HistoDenz™ and layered on to
500 ul of 50 % HistoDenz™. The solution was centrifuged at 15000 g for 15 minutes,

after which the supernatant containing vegetative cells and cell debris was carefully
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removed. The pellet was washed three times in PBS and resuspended in 1 ml of PBS.

Spores were checked for purity by phase contrast microscopy.

3.6.2 Transmission electron microscopy (TEM)
Sample processing and image acquisition for TEM was carried out by Mr Martin Fuller

of the Astbury Biostructure Laboratory, University of Leeds.

Planktonic and biofilm produced spores of RT 027 were visualised by TEM. Spores
were fixed with 2.5 % glutaraldehyde in 0.1 M phosphate buffer for 150 minutes. Two
subsequent washes in 0.1 M phosphate buffer were performed. Osmium tetroxide (1
%) was used to stain samples overnight. Sample dehydration was performed by
incubation with an ascending alcohol series (20, 40, 60, 80, 100 %). Each step lasted
60 minutes. These steps were performed in Eppendorf tubes, with samples centrifuged

and resuspended after each stage.

Spores were embedded in an epoxy resin (AGAR Araldite CY212, Essex, UK) using an
accelerator (DMP30, Sigma Aldrich, Dorset, UK) and hardener (DDSA, Sigma Aldrich,
Dorset, UK) and left overnight to polymerise at 60° C (332). Samples were cut into thin
sections (~80-100 nm) using an ultramicrotome (Reichert Jung Ultracut E) which were
picked up on 3.05 mm copper grids. Grids were stained with saturated uranyl acetate
(120 minutes) and Reynolds lead citrate (30 minutes). Samples were visualised at a
maximum of 10000X direct magnification in the bright field setting on a JEOL JEM1400
TEM (Jeol, London, UK) at 120 kV. Images were taken on an AMT 1k CCD (AMT,

Suffolk, UK) using AMTv602 software

3.6.3 Heat Treatment in PBS for 60 minutes

Fifty-microlitres of spore suspension were aliquoted into 450 pl of PBS in an
Eppendorf. The final concentration of spores for heating was ~ 2x107 spores/ ml.
Eppendorfs were transferred to a heat plate and heated for 1 hour aerobically under 1
atm of pressure. Heating at 50, 60, 70 and 80° C was performed. At time points 0, 15,

30, 45 and 60 minutes. Twenty-microlitre aliquots were removed and serially diluted in
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PBS in a 96-well plate. Twenty-microlitres of the appropriate dilution were streaked on

to CCEYL agar.
3.6.4 Heat Treatment Prior to Broth Inoculation

Fifty-microlitres of spore suspension were aliquoted into 950 pl of PBS and heated at
50, 60, 70 or 80 ° C for 10 minutes aerobically on a heat plate. The final concentration
of spores for heating was ~107 spores/ ml. This concentration was in accordance with
previous work (333, 334). Subsequently the contents were transferred into a 4 ml BHI
broth to produce a final volume of 5 ml (0.1 % taurocholate, 0.4 % glycine). Broths
were incubated anaerobically for 90 minutes under 1 atm of pressure. At 90 minutes,
20 pl of broth was removed and serially diluted in PBS to 107 in technical triplicate.
One hundred microlitres of broth was aliquoted into 100 ul of 100 % ethanol and after
an hour serially diluted in PBS to 10, Twenty-microlitres of each dilution were
aliquoted on to CCEYL agar. In addition, 500 ul of broth was removed and centrifuged
at 9500 g for 1 minute. The supernatant was removed and spores were resuspended in
50 ul of PBS, which was spread on to a slide for phase contrast microscopy. A zero

time point aliquot was included for phase contrast microscopy.

3.6.5 Reversibility of Spore Heat Treatment

Fifty-microlitres of spore suspension were aliquoted into 950 pl of PBS and heated at
50, 60, 70 or 80° C for 10 minutes on a heat plate. The final concentration of spores for
heating was ~10’ spores/ ml. Subsequently the contents were transferred into a 4 ml
BHI broth to produce a final volume of 5 ml (0.1 % taurocholate, 0.4 % glycine). At 24
and 48 hours, 20 pl of broth was removed and serially diluted in PBS to 107 in technical
triplicate. One hundred microlitres of broth was aliquoted into 100 pl of 100 % ethanol
and after an hour serially diluted in PBS to 10. Twenty-microlitres of each dilution

were aliquoted on to CCEYL agar.

3.6.6 Statistical Analysis
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Statistical analysis was carried out by IBM SPSS version 22. Data normality was
assessed visually by histograms and statistically with Kolmogorov-Smirnov tests.
Homogeneity of variance between groups was assessed using Levene’s test. If the
assumption of homogeneity was violated, Welch’s ANOVA was utilised. X represents
the mean of two or more specified ribotypes. All means are reported with the standard
error of the mean (SEM). P values <0.05 were considered significant, <0.01 highly

significant and <0.001 very highly significant.

For PBS heat treatment experiments, curves were added to the data using the GlnaFiT
software (335). Due to the non-log-linear nature of spore inactivation observed,

calculation of D and Z-values was not performed.

3.7 Results

3.7.1 Heat Treatment in PBS for 60 minutes

3.7.1.1 Spores produced on solid agar

Heat treatment at 80° C was inhibitory to recovery in all five of the strains used (Fig
3.7.1). Spore recovery dropped significantly after 15 minutes for all of the strains
(P<0.001) and continued to decrease substantially for the next 15 minutes in all but the
001 and 078 strain. The minimum level of spore recovery was reached after 15 minutes
in 001, no further substantial decrease was observed. In the 078 strain, spore recovery
dropped only marginally after a further 15 minutes of heating (4.88 = 0.06 log1oCFU/mlI
vs 4.70 £ 0.07 log10CFU/mI; P<0.001). After the 30-minute time point spore viability
recovery stabilised in all strains except the 078. In the 078-strain spore recovery
increased at 45 minutes vs the 30-minute time point (4.40 = 0.07 log10CFU/ml vs 5.17 +
0.04 log10CFU/mI; P<0.001). Two of the strains (015 & 020) exhibited a greater overall
decrease in spore recovery (X = 7.46 + 0.03 log10CFU/ml vs 4.18 + 0.04 log10CFU/ml;
P<0.001) over the 60-minute time period. The other three strains (001, 027 & 078)

exhibited a smaller decrease in spore recovery (X= 7.58 + 0.05 log10CFU/ml vs 5.09 +
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0.04 log10CFU/ml; P< 0.001). All of the strains exhibited log-linear with tailing

inactivation kinetics when heated at 80° C (336).

At 70° C, four of the strains (RTs 001, 015, 020 & 027) showed a ~2 log1cCFU/mI
decrease in spore recovery after 60 minutes of heating (X = 7.47 = 0.04 log10CFU/ml vs
5.32 £ 0.06 log10CFU/ml; P< 0.001). RT 078 showed a very highly statistically
significant decrease after 60 minutes, but of a smaller magnitude than the other four
strains (7.59 + 0.04 log1o,CFU/ml vs 7.31 £ 0.01 log1o,CFU/mI; P< 0.001) (data not
shown). Decreases in spore recovery were strain-dependent in regard to time; after 15
minutes of heat treatment four strains showed no substantial decrease in spore
recovery (RTs 001, 020, 027 & 078). In contrast, spore recovery decreased
significantly in RT 015 after only 15 minutes of heating at 70° C (7.55 + 0.03
l0g10CFU/mI vs 5.65 + 0.03 log10CFU/mI; P< 0.001). In contrast, RT 027 took 45
minutes for a significant decrease in spore recovery to occur (7.69 + 0.03 logi10,CFU/mI
vs 6.59 * 0.03 log10CFU/ml).In contrast to 80° C, spore heat inactivation at 70° C
corresponded to a number of different models dependent on strain (Table 3.7.1);

sigmoidal (336), biphasic (337) and linear with shoulder (336).

At 50 and 60° C, all of the strains except the 078 showed no significant decreases in
spore recovery across the 60-minute time period (x = 7.49 £ 0.03 log10CFU/ml vs 7.48
+ 0.03 log10CFU/mI; P = 0.96). RT 078 showed a similar decrease to that observed at
70° C when heated for 60 minutes at 60° C, with spore recovery decreasing
significantly (7.57 + 0.03 log10CFU/ml vs 7.30 £ 0.06 log10CFU/mI ;P<0.01). When
heated for the same time period at 50° C, an even greater decrease in recovery was

observed (7.59 = 0.07 log10CFU/ml vs 6.13 + 0.05 log1,CFU/mI; P<0.001).
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Figure 3.7.1. Spore recovery of five C. difficile strains of differing ribotypes
(001, 015, 020, 027 & 078) of C. difficile heated for 60 minutes at 70 or 80° C.
Spores were enumerated at 0, 15, 30, 45 & 60 minutes. Experiments were
carried out in biological duplicate and processed in technical triplicate.
Spore recovery was compared between time points using RM-ANOVA with
Tukey’s multiple comparisons. Statistically significant results (P< 0.05) are
highlighted by *, highly significant (P < 0.01) by ** and very highly significant
(P< 0.001) by ***. Curves of best fit were fitted using the GlnaFiT Excel add-in.
The models fitted included linear with shoulder, sigmoidal and biphasic
(Table 3.7.1). The lower limit of detection for this experiment was 1.52
log1oCFU/mI.
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Table 3.7.1. The model used to fit the data shown in Figure 3.7.1 (spore heat
broth experiments in PBS) with the corresponding r? correlation coefficient
value (2 decimal places). Data for the 078 strain at 70° C was not modelled

using GlnaFiT software due to the small difference in recovery over 60
minutes observed (7.59 £ 0.04 log10CFU/mI vs 7.31 + 0.01 log10CFU/mI).

Model derivations are referenced in brackets.

Temperature/ ° C

70 80
Ribotype Model r2 Model r?
001 Sigmoidal 0.98 Linear with 0.99
(336) tailing (336)

015 Biphasic (337) 0.97 Linear with 0.98
tailing

020 Sigmoidal 0.98 Linear with 0.99
tailing

027 Linear with 0.98 Linear with 0.96
shoulder tailing

078 N/A N/A Linear with 0.94

tailing
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3.7.1.2 Spores produced in liquid media

Significant decreases in spore recovery were observed in all spores tested after 60
minutes of 80° C heat treatment (Fig 3.7.2). Biofilm spores exhibited greater viability at
the 60-minute time point versus planktonic produced spores (X =5.62 £ 0.07 vs 4.49 £
0.05l0g10CFU/mI; P< 0.001). The greatest decrease in spore viability in both biofilm and
planktonic spores was present after 15 minutes (x = 7.47 £ 0.02 vs 5.79 +
0.07log10CFU/mI & 7.42 + 0.08 vs 4.96 £ 0.10log10CFU/mI; P< 0.001). A gradual
decline in spore recovery was observed in planktonic spores of RT 020 and RT 027
between 15 and 60 minutes (4.69 £ 0.02 vs 4.47 = 0.03log10CFU/mI & 4.45 + 0.04 vs 4.
13 £ 0.02log10CFU/mI). In contrast, biofilm spores of three strains (020, 027 & 078)
showed no significant difference in spore recovery at 15 vs 60 minutes (X =5.72 £ 0.09
vs 5.68 = 0.08log10CFU/mI; P = 0.73). The most heat resistant spores of any type were
RT 078 biofilm spores (6.18 + 0.03 vs X = 4.90 + 0.08log10,CFU/ml; P< 0.001).
Planktonic RT 078 spores were also more heat resistant than planktonic spores of
other strains (4.84 = 0.06 vs X = 4.38 + 0.20log10CFU/mI; P<0.001). No difference in
recovery was observed at any time point in spores at temperatures lower than 80° C

(50, 60, 70° C) (data not shown).
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3.7.2 Transmission Electron Microscopy

Endospores were observed in both biofilm and planktonic culture produced samples
(Fig 3.7.3). Two morphotypes of spore with differing exosporium sizes were observed

in both sets of spores. In addition, detached exosporium was visible in in both samples.

Figure 3.7.3. Transmission electron microscopy (TEM) images (1000X
maghnification) of biofilm produced spores (A) and planktonic culture
produced C. difficile RT 027 spores (B). Both sets were produced from
the 027 strain used previously in this study. Two spore morphotypes are
visible in both; thick-exosporium spores are designated by red arrows,
thin-exosporium morphotype spores by blue arrows. Detached
exosporium was visible in micrographs of both samples (white arrows).
Higher magnification (10000X) example images of thick (C) and thin-
exosporium (D) spores are presented.
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3.7.3 Heat Treatment Prior to Broth Inoculation
After aerobic heat treatment, spores were aliquoted into BHI containing taurocholate to
induce germination. The sensitivity of vegetative cells to ethanol allowed the
differentiation between non-germinating spores and germinating/vegetative cells. The
difference between total viable counts and spores indicates the number of spores that
have germinated. Spore recovery was inhibited to differing extents after heating for 10
minutes at 70 and 80° C (Fig 3.7.4). In contrast, comparable TVC and spore counts to
the control were observed at the 90-minute time point after spores were heated at 50
and 60 ° C ((TVC; X =6.63 + 0.08 log1o0CFU/ml vs 6.63 £ 0.06 log10CFU/mI vs 6.68 +
0.06 log1oCFU/mI; P>0.05). On average spore counts were ~3 log1oCFU/mI lower than
TVC in 50 and 60° C heat treated and control broths. TVC and spore counts were
similar to heat treatment at 50 and 60° C in three strains heated at 70° C (001, 015,
020). In contrast, when RT 027 and RT 078 were heated at 70 ° C, spore counts were
higher compared to the other strains (5.48 + 0.04 log10CFU/mI & 4.78 + 0.05

l0g10CFU/ml vs x = 3.76 £ 0.05 log10CFU/mI).

When spores were heated at 80° C, RT 027 and RT 078 exhibited lower TVC (x =4.05
+ 0.05 log10CFU/ml vs 4.80 + 0.12 log10CFU/mI; P< 0.001) and spore counts (3.56 +
0.13 log10CFU/ml vs 4.69 + 0.14 log10CFU/ml; P<0.001) compared with the other
strains. At 80° C TVC and spore counts were comparable (x =4.50 + 0.10 vs 4.24 +
0.14 log10CFU/mI; P = 0.14), indicating spores accounted for the majority of

enumerated entities.

Phase contrast microscopy revealed a very highly significant increase in visualised
phase bright spores in 80° C heat treated spores vs the control (x =82.7 + 1.1 % vs 0.8
+ 0.3 %; P< 0.001) (Fig 3.7.5). Results were comparable between control and 50 and
60 ° C treated spores in all strains; most entities identified were phase dark
(germinated) spores (x =81.8 +1.3 %, 83.2+1.3%,and84.9+ 1.1 %). At70°C
interstrain variation was observed; RT 027 and RT 078 showed similar levels of phase

bright and phase dark spores (x =50.6 £ 2.1 % vs 39.9 = 1.8 %), the other strains (001,
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015 & 020) showed results consistent with the control (x=0.3+0.2% vs 854 +1.1

%).
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3.7.4 Reversibility of Spore Heat Treatment
When newly produced (<14 days old) spores were heat treated prior to broth
inoculation, an increased vegetative population was observed at 24 hours vs the non-
heat-treated control (Fig 3.7.6). This difference was very highly significant in three of
the strains (001, 027, 078) (X =7.40 + 0.03 log10,CFU/ml vs 6.45 + 0.04 log10CFU/mI; P<
0.001). This observation was also significant in RT 015 and RT 020, but to a lesser

extent (x = 7.62 £ 0.03 log10CFU/mI vs 7.45 + 0.04 log10CFU/mI; P< 0.05).

An increased vegetative population at 24 hours was also present when old (<12 weeks
old) spores were heated prior to broth incubation (Fig 3.7.6). A very highly significant
increase in TVCs was observed in heat-treated broths of all strains when compared to
non-heat-treated spores (7.81 + 0.06 log10CFU/ml vs 6.76 + 0.08 log10CFU/mI; P<

0.001).

The trend exists in both new and old spores, but differences between time points in
individual ribotypes existed. Vegetative populations only increased marginally in RT
015 and RT 020 in response to heat in new spores (x = 7.61 + 0.03 log.0CFU/ml vs
7.45 £+ 0.05 log10CFU/mI). However, a greater increase occurred in old heat-treated
spores (X =7.60 £ 0.03 log10CFU/mI vs 6.33 £+ 0.04 log10CFU/mI). The old non-heat-
treated spores of RT 015 and RT 020 produced a smaller vegetative population in
contrast to new spores. Spores of the other three strains (RTs 001, 027 & 078)

exhibited similar behaviour independent of age.
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Figure 3.7.6. Mean (= SE) TVC and spore counts of five C. difficile strains of
differing ribotypes (001, 015, 020, 027 & 078) 24 hours post-broth
inoculation. Both new spores (< 14 days old) and old spores (> 12 weeks
old) were utilised. Heat treated spores (HT) were heated for 10 minutes at
80° C, non-heat treated (NHT) received no treatment. A trend towards
increased TVCs in heat treated samples was present. Broths were carried
out in biological duplicate and technical triplicate. TVC means were
compared using two-tailed paired T tests. Highly significant (P <0.01)
findings are highlighted by ** and very highly significant (P< 0.001) by ***.
The lower limit of detection for this experiment was 1.52 logi10CFU/ml.
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3.8 Discussion

3.8.1 Heat Treatment in PBS

C. difficile spore heat inactivation is not adequately modelled by log-linear
kinetics
When spores were heated in PBS for 60 minutes, substantial variation was observed

(Fig 3.7.1). The differences observed were mainly strain-dependent; the observed
trends were consistent between different temperatures. Fifty and 60° C heat treatment
had no significant effect on four of the utilised strains (001, 015, 020 & 027). However,
at higher temperatures heat began to have a substantial effect on spore recovery.
Three of the strains (RTs 015, 020, and 027) took 0, 15 and 30 minutes respectively for
spore recovery to decrease at 70° C. If the time delay was due to a ‘lag phase’ such as
the Eppendorfs getting up to temperature, the same delay would be expected in all
strains. The heat took an additional 30 minutes to influence RT 027 compared to RT

015 strain at 70° C.

Traditionally, thermal inactivation of microorganisms has been illustrated using log-
linear kinetic models, based on the assumption of a homogeneous population, sharing
the same intrinsic heat resistance (338). Implicit in this model is the recognition of a
single-system that is responsible for heat resistance. This approach is particularly
prevalent in food microbiology and food safety, where it is possible to easily calculate
D-values and Z-values. The D-value is defined as the time taken for a 90% (or 1log)
reduction in numbers from the starting population, the Z-value is the temperature
increase required to decrease the D-value by a magnitude of ten. In fact, this method is
still being used to evaluate thermal resistance in C. difficile spores (253, 316).
Deviations from this model have been recognised even since the 1970s, although this
recognition has not translated into studies concerning C. difficile. In this study, 70° C

and 80° C heat curves were not adequately modelled using log-linear kinetics. In order
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to accurately assess and model the thermal inactivation of C. difficile spores, a number

of different survival curves were used to describe the data (335).

GlnaFit is a software that incorporates 9 different survival curves; linear, linear with
tailing, sigmoidal, linear with shoulder, biphasic, concave, biphasic with shoulder and
convex curves (335).The mathematic models derived by Geeraerd et al. are beyond
the scope of the current study, but are based on empirical datasets. In this study, the
largest interstrain difference in recovery occurred at 70° C. The survival curve at 70° C
for two of the strains (001 & 020) was best illustrated by the fitting of a sigmoidal curve,
for RT 027 a linear with shoulder curve, and for RT 078 a linear model (Fig 3.7.1 &
Table 3.7.1). Previously, differing heat inactivation kinetics and thermal resistance
values have been discovered when comparing 39 different strains of B. cereus (339).
Differing heat resistances have also been documented when comparing two strains of

C. botulinum (340).

It has been hypothesised that during the ‘shoulder phase in these curves, a protective
surrounding ensures the survival of the spores by buffering the deleterious effects of
heat (335). Once this protective matrix is destroyed/inactivated by sufficient heating,
log-linear heat inactivation of spores resumes. The spores used in this experiment
were not purified; it is plausible that proteinaceous cellular debris (in the form of dead
vegetative cells) acted as a protective matrix. However, it is still unclear why some of
the strains have a prolonged period of buffering, for example the 027 strain. Other
reasons for the presence of a shoulder in thermal inactivation curves have been
proposed; clumping, the inability of bacteria to continually synthesise protective
proteins over time and the cumulative damaging effect of heating over a sustained
period (336, 341). C. difficile spores are metabolically dormant; the synthesis of heat
shock proteins is irrelevant. Cetyl trimethylammonium bromide (CTAB) and sonication
have previously been used in this study to try and prevent spore clumping, with minimal
success (data not shown). The diverse aggregative properties of spores of different C.

difficile strains could be responsible for the differing resistances earlier in heating.
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In addition, ‘tailing’ was observed in some strains at 70° C (Fig 3.7.1). Tailing has been
discussed since the 1970s (337), and its presence is not surprising in C. difficile spores

given it has been demonstrated to occur in spores of other species (342, 343).

Intrastrain variability is a possible mechanism by which tailing occurs; a subpopulation
of spores are maintained due to their higher intrinsic heat resistance. Spore clumping
was found to increase in Bacillus licheniformis spores after 20 minutes of heat
treatment, suggesting spore clumping could be involved in the tailing discussed. In
addition, spore surfaces became more hydrophobic after heat treatment (343). It
should be noted that the subpopulation of spores persisting in the ‘tail’ of the curve

account for less than 0.1 % of the starting inoculum.

At 80° C the thermal death curve for all strains was more typical and spore recovery
began to decrease as soon as heat treatment began. The greater thermal resistances
of RT 027 and RT 078 at 80° C found in our study are concordant with the findings of
recent work (121, 334). After initial screening, Rodriguez-Palacios et al (121) used a
multinomial logistic regression model to suggest the increased thermal resistance of a
RT 078 compared to two other strains when spores were heated in meat. Although

interesting, a larger sample size of ribotypes will be required to test this association.

Interstrain variability in C. difficile is something that has been observed previously in
the literature as early as 1985 (313). However, the reason for these differences is
largely unknown. Dipicolinic acid (DPA) is responsible for maintaining a dehydrated
core and is important in wet-heat resistance in B. subtilis (344). SpoVA is an ion
transporter responsible for the transport of DPA into the core in Clostridium
perfringens; spoVA mutants have a loss of wet-heat resistance as well as impaired
germination (345). Foodborne B. subtilis strains harbouring the spoVA?™® operon were
found to have increased heat activation requirements compared to non-foodborne
strains (346); high heat resistance is attributed to this operon (347). More recently, the
importance of DPA has been highlighted in C. difficile spoVAC and dpaAB mutants.

DpaAB is the gene from which an enzyme responsible for DPA synthesis is
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synthesised. Both sets of mutants showed statistically significant decreases in wet-heat
resistance at temperatures above 50° C versus the wild-type (348). It is likely that
natural heterogeneity exists in different C. difficile strains of the levels of proteins
responsible for DPA synthesis and transport. On the contrary, Rose et al showed that
in B. subtilis wet-heat resistance is probably dependent on factors other than just spore

DPA content (349). This is likely true for C. difficile.

The cortex has also been suggested to play a role in heat resistance. The cortex
serves in an osmoregulatory capacity, expanding to accommodate superfluous water,
reducing spore water content (350). Rao et al discovered that decoated B. cereus, B
megaterium and B. subtilis spores had comparable heat resistances to wild-type
spores, suggesting reduced heat resistance was not due to the loss of the cortex, but
rather the loss of vital germination proteins (351). These studies have not been
replicated in C. difficile, but one study found that conditions of high osmolarity permitted

cortex degradation, but not DPA release in germinating C. difficile spores (352).

RT 078 exhibits different behaviour to all the other strains at 50° C. A number of
potential mechanisms have been proposed to explain differences in spore heat
resistance, including core DPA content, enzymes responsible for DPA transport, and
enzymatic degradation at high temperatures (344, 348). None of these factors seem to
address this RT 078-specific phenomenon. Previously, RT 078 has been found to be
phylogenetically dissimilar and highly divergent from other C. difficile strains based on
lineage (30). Based on the data it is plausible that in addition to the previously
discussed mechanisms, RT 078 possesses another mechanism of heat resistance that

50° C heat treatment inhibits.

The differences between our work and that of others in evaluating thermal resistance
can be attributed to a number of causes. Notably, the method of C. difficile spore
production differs considerably (253, 276, 313, 316, 348), with a variety of solid and
liquid media being utilised to produce the C. difficile spores. Spores produced in liquid

media in both Alicyclobacillus acidoterrestris (353) and Bacillus subtilis (349) have
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been found to have a lower thermal resistance than their counterparts produced on

solid agar.
Biofilm produced C. difficile spores are more heat-resistant

After 60 minutes, the viability of biofilm produced spores was ~1 log10CFU/mI higher
than spores produced in planktonic culture (Fig 3.7.2). In addition, all of the spores
produced in liquid media were more heat resistant than those produced on solid agar,

which does not conform to the findings of the aforementioned studies (349, 353).

Transmission electron microscopy showed the presence of thin and thick-exosporium
spores in both samples (Fig 3.7.3). These observations were made previously in the
R20291 strain (80). Despite purification of spores by HistoDenz™, detached
exosporium was present in both samples. It is possible that an increased presence of
exosporium/extracellular matrix in the biofilm produced spores could result in a more
heat-resistant population. One study also found that C. difficile spores produced in
biofilms spores began to accumulate a surrounding ‘shroud’ that attached to the spore
after 7-14 days of incubation (354). This ‘layer’ was found to consist of dead cellular
debris, and it is hypothesised C. difficile spores accumulate this layer after mother cell
lysis (354). In addition, spores were found to be less responsive to germinants and
exhibited decreased germination. If the increased heat resistance of biofilm produced
spores is due to an extracellular matrix/ shroud or an intrinsic spore property, biofilm
spores in non-laboratory conditions are likely to retain this resistance. Biofilm produced
spores are still likely to exhibit increased heat resistance in non-laboratory scenarios.
On the other hand, in the first 15 minutes of 80° C heat treatment biofilm spores
exhibited log-linear inactivation kinetics. Previously, it has been suggested the
‘shoulder’ seen in some heat inactivation models is due to an extracellular matrix

buffering the effects of heat (341).

Unfortunately, the processing of other strains used in this study was not practicable

due to insufficient resources. In addition, no quantitative measure of exosporium size or
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spore morphotype number was possible. Further work providing quantitative
measurements and exploring a range of ribotypes is needed to strengthen conclusions.
Despite these limitations, this study supports the existence of two distinct C. difficile
spore morphotypes. Building on previous work, it is suggested biofilm produced C.
difficile spores are more environmentally robust and could exhibit increased levels of

superdormancy in addition to increased heat resistance (354).

3.8.2 Heat Treatment Prior to Broth Inoculation

80° C heat treatment inhibited initial outgrowth but promoted later
outgrowth

Both freshly produced (<7 days old) and environmentally aged (>3 months old) were
heat treated prior to broth inoculation (Fig 3.7.4). Initially this experiment was
performed to assess the immediate effect of heat on spore recovery and outgrowth (90-
minute incubation times), but the longer term effects of heat on spore recovery were
also documented (24 and 48 hour incubation times). In both new and old spores, the
same trends were observed. When spores were heat treated and left for 90 minutes,
spore outgrowth was inhibited compared to heat treatment at lower temperatures and
the control. Both TVCs and spore counts decreased, indicating a global decrease in
spore recovery. On the other hand, when spores were left for a longer time period, at
24 hours the heat-treated samples contained higher levels of vegetative cells and

comparable levels of spores to non-heat treated samples (Fig 3.7.6).

Initially these results appear inconsistent, if heat is inhibiting spore germination at an
early stage, it is unclear why a more rapidly growing vegetative population is present at
a later point. One study also observed that heat treatment at 85° C decreased
recovery, but this was due to an impairment of vegetative growth and not germination
(253). This is in accordance in the current study, where spores were able to revert to
vegetative growth. It could be hypothesised the heat treatment causes a greater
number of spores to germinate, but there is an initial lag in outgrowth due to the heat

treatment. Contrarily, the phase contrast data illustrates a shift from the predominance
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of phase dark spores at 70° C to phase bright spores at 80° C, indicating an inhibition

of the transition from phase bright to phase dark i.e. germination (Fig 3.7.5).

Heat activation has commonly been used as a strategy to increase spore germination
in B. subtilis (301) and more recently C. difficile in older spores. The previously cited
study also found that aged spores (>20 weeks old) exhibited increased recovery (30 %
increase) in response to heat treatment at 63° C vs freshly produced spores (253). In
the current study, both newly produced and environmentally aged spores demonstrated
increased outgrowth in response to heat treatment, albeit in producing a proliferative
vegetative population. Heat is suggested to mediate its stimulatory effects by inducing
germinant receptor conformational changes. An absence of inner membrane bound
germinant receptors in C. difficile spores is proposed to explain the lack of effect of
heat (62, 355). This hypothesis is consistent with work demonstrating heat has no
activation effect on germinant-receptor independent germination in B. subtilis (356,
357). Although the results of the current study suggest heat has an effect on the
outgrowth and subsequent proliferation of new and old C. difficile spore populations,
this effect is not necessarily mediated through spore germination directly. The results

are therefore not contradictory to those cited above.

3.9 Conclusion

To summarise, 80° C heat treatment appears to have an initial inhibitory effect on
spore recovery and outgrowth, which then reverts, with a more rapidly proliferating
vegetative population being produced. This effect is seen independently of spore age,
at least up to 3 months. The log-linear inactivation kinetics typically described in
microbial heat decay experiments was not observed in this study. A range of kinetic
inactivation models were fitted to the data dependent on strain and temperature (70/80

° C), consistent with other work (339, 340).

Spore heat resistance differed between spores produced on solid agar (CCEYL) and

those produced in liquid media (supplemented BHI). Contrary to the findings of
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previous studies (349, 353), spores produced in liquid media were more heat resistant.
Biofilm spores appear to have a greater capacity for withstanding heat than spores
produced in planktonic culture, but this effect needs further exploration. The findings of
this work illustrate that heat ‘activates’ spores in a way not previously observed.
Although spores are initially inhibited by the injurious effects of heat treatment,
vegetative population proliferation is promoted at a later time point, independent of

spore age.

At recommended cooking temperatures, spores can persist in food and even
reactivate, providing a potential C. difficile reservoir for community acquired CDI.This is
particularly important in the case of biofilm-produced spores, which exhibit increased
thermal resistance. Although the majority of spores were inactivated temporarily by 80°
C heat treatment, a subpopulation persisted. Spores present in food prior to cooking
may survive the cooking process and potentially cause initial or recurrent CDI.
Combined with the findings of chapter 3A, superdormant spores may be able to survive
minimum recommended cooking temperatures and exhibit increased germination
efficiency when ingested into the bile-rich gastrointestinal tract. Conversely, it seems
unlikely that spores could be present in food after cooking unless they persisted the

cooking process.
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Chapter 4 A — Proteomics in an in vitro Clostridium difficile gut
model

4.1 Background & Rationale

Research fields such as proteomics, metabolomics and transcriptomics are becoming
increasingly important in the investigation of the human microbiome. Comprehensive
sequencing studies investigating the composition of the human microbiome have been
very successful, mapping a total of 3.3 million bacterial genes (358). Metagenomic
studies have identified the potential major biosynthetic functions of the gut, with genes
responsible for methane production, carbohydrate metabolism and vitamin biosynthesis
recognised (359). These studies are useful in identifying constituent differences
between microbiomes, but do not quantify the expression of genes within the
ecosystem and overall functionality. The human microbiota provides important
functions in the host including nutrient processing (360), priming of the immune system
(361), and defence against pathogens (362). Consequently, potential relationships

between microbial metabolism and human disease are increasingly being recognised.

Metabolomics and proteomics are increasingly being investigated and represent an
important step in characterising the human gastrointestinal tract in health and disease.
One well documented use of metabolomics is the analysis of short chain fatty acids
(SCFAs) such as propionate and butyrate. SCFAs are produced by the fermentation of
fibre in the human gastrointestinal tract by several bacterial species (363). Defects in
this process have been associated with a number of diseases, for instance IBD (363),
and SCFAs are suggested to influence diabetic control in type 2 diabetes (364).
Currently, literature is available linking varying diseases with the metabolic products of
the microbiota. However, reported studies are largely inferential, as causality is difficult

to establish without time consuming and potentially unethical longitudinal studies.
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Proteomics is used to quantify total gene translation products (365). By integrating this
data with metagenomics and metatranscriptomics data, additional information about
the functions carried out by the microbiota is obtained. Metaproteomics has
advantages over metagenomics alone; the gene products obtained can be from dead,
dormant or living cells and measurement of gene expression is lacking. The
‘metaproteome’ refers to the complex set of proteins expressed and produced by a
microbial ecosystem. Historically, proteomics has involved the extraction and
separation of proteins using gel electrophoresis. This method is limited in its ability to
discriminate and separate proteins in highly heterogenous mixtures such as those
produced by the human gut microbiota. In 2009 high throughput sequencing (liquid
chromatography followed by tandem mass spectrometry) was used for the first time on
two faecal samples from monozygotic twins in investigating the metaproteome (366),
which was found to consist of proteins predominantly obtained from Bacteroidetes and
Firmicutes organisms. Analogous approaches are now routinely used in defining
complex ecosystems. As expected, the spectra obtained mapped predominantly to

Bacteroides and Firmicutes organism proteins.

Proteomics-based approaches have been used for a number of purposes in
investigating C. difficile. One study used SDS-PAGE and mass spectrometry to
separate and identify 42 C. difficile cell wall proteins that were immunoreactive, giving
a deeper understanding of the pathogenesis and subsequent immune response to CDI
(367). The changes exhibited in the proteome of Caco-2 cells in response to toxin A
have also been investigated. Using LC-MS/MS and SILAC, incubation of cells with
toxin A for 24 hours caused a significant difference in the expression of cytoskeletal
proteins, underlining the rearrangement of cell microarchitecture and the loss of tight
cell-cell junctions (368). LC-MS/MS has also proved useful in quantifying the changes
in protein expression in strain CD630 heated at 41° C vs 37° C (369). However, it
should be noted that the above work used single strains, which means there is a

reasonable possibility that inter-strain differences have been missed.
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The hypervirulence of some strains has also been investigated in the context of
proteomics, protein expression quantified in response to osmotic shock and nutrient
shift revealed increased response coordination of gene networks in two hypervirulent
strains vs two historically prevalent, non-hypervirulent strains (370). This study
elucidates a potential mechanism for the hypervirulence of some strains, in comparison
to the descriptive information gained in metagenomics studies. Furthermore, this study
highlighted the heterogeneity in protein expression in isolates grown in different media,
an observation that has been validated in other work (371), thus providing a possible
explanation for differences seen in heat resistance, germination and outgrowth of
spores grown on different media (327, 349, 353, 371). The unique nature of the C.
difficile spore coat has likewise been highlighted by the finding of 29 unique spore
proteins (333). Proteomics is beginning to be used successfully as a tool for probing an

explaining some of the behavioural differences observed between C. difficile strains.

4.1.1 Proteomics approaches

Two approaches are employed in proteomics; top-down proteomics or bottom-up
proteomics. In top-down proteomics, complete proteins are analysed in contrast to
bottom-up proteomics whereby proteolytic digestion is employed and the resulting
peptide fragments are analysed. Both approaches have advantages and weaknesses

which will be discussed.

Historically in top-down proteomics 2D electrophoresis has been utilised. After
electrophoresis, bands are excised, proteolysed and subsequently analysed by mass
spectrometry. This approach has had limited success, being able to interrogate
hundreds of mouse brain proteins (in this case by MALDI-MS), representing a low
percentage of the total proteome (372). Unfortunately this method favours the detection
of highly abundant soluble proteins, and is not adequate to detect membrane bound
proteins (373). It should also be noted some of the literature has taken issue with this
methodology as being described as ‘top-down’ due to the proteolysis step prior to mass

spectrometry (374). Rather than using gel electrophoresis, proteins can be ionised
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directly in the mass spectrometer, advantageous due to the possible detection of post-
translational modifications, which is not possible in bottom-up proteomics. However,
the use of top-down approaches has commonly been limited to simple mixtures of
proteins, and for peptides larger than 50 kDa, fragmentation sequencing becomes
difficult (375). Due to the large size of protein ions, the ionisation, fragmentation and

separation stages can be difficult to achieve in top-down proteomics (376)

Bottom-up proteomics is the most widely used approach in MS workflows in
contemporary proteomics research. In general, proteins are cleaved into peptide
fragments by enzymatic digestion prior to MS analysis, usually by trypsin. Gel
electrophoresis can be used prior to MS analysis, or the total protein mixture can be
proteolysed known as ‘shotgun proteomics’ (376). As stated previously, one of the
difficulties in bottom-up proteomics is solubilising all proteins regardless of their
hydrophobicity. Traditionally, SDS-PAGE has been used to separate proteins followed
by proteolysis and mass spectrometry. In-solution digestion has also been utilised, but
detergents are required and can interfere with later proteolytic cleavage and must be
removed prior to analysis (377). A quick, inexpensive and efficient method of sample
preparation that is free from the solubilisation issues of gel electrophoresis is required.
A number of gel-free protein preparation methods have been described in the literature,
including filter-aided sample preparation (FASP), in-StageTip method (iST), single-pot
solid-phase-enhanced sample preparation (ST3) and the suspension trapping method
(STrap). One study found all of these methods to be comparable in terms of
performance when starting with 20 ug of protein extract, but the precision of FASP fell

drastically when the amount of starting material was decreased to 10 ug (378).

FASP is a method described in 2009 by Wisniewski et al (379). In summary, samples
are solubilised in SDS, concentrated, retained and subsequently processed in the
molecular weight cut off filter or ‘reactor’. This method allows the removal of detergents

and is inexpensive. Several studies have modified the FASP protocol, increasing
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peptide retention and decreasing throughput times (380, 381). Notably, in 2014
Zougman et al developed the ‘STrap method’, capable of quicker processing times and
avoids the temperamental nature of the membrane filters used in the FASP method
(377). In this method, the acidified-protein mixture is added to a methanolic solution in
an S-tip. A fine particulate protein suspension is created, which is amenable to
trypsinisation. The suspension is trapped in the quartz filtration material of the tip. The
contaminating solution is removed; the protein is trypsinised and subsequently eluted
and concentrated in the Cisfilter ready for MS. The iST method also uses an S-tip as
its basis, but does not require solvents or SDS; strong cation exchange resins are used

for peptide separation (382) .

In addition to top-down and bottom-up proteomics, some research has tried to use a
hybrid approach of ‘middle-down’ proteomics. In these workflows proteases such as
Asp-N and Glu-C are utilised to produce medium sized peptide fragments. The
advantage of this approach is the increased proteome coverage in medium sized
proteins (3.0 kDa < MW < 10 kDa)(383). An overview of the three approaches can be

viewed below (Fig 4.1.1).



135

aseqelep
1sulege
Suilyolew
eJ309ds sse|p

aseqelep
Jsulege
Sulyojew
eJa1oads ssen

aseqelep
Jsuiede
sulyaew
e112ads ssepn

‘awes ay) urewsal sajdiounnd ayl Ing ‘pasn ag ued SjusWNIISUI JUdIdyIp sabels
SIN pue uoneledas ayl 1y ‘sisAjeue S\ 01 Jolid sisAjoaloud asn jou op sayoreosdde umop-do] ‘sisAjeue S\ pue uoljeredas juswbe.ly
01 Joud sisAjoaloud asijiin sayoeoidde umop-a|ppiw pue dn-wonog ‘sayoeoidde o1wo0a104d 1USIBLIP BY] JO MBIAIBAO UY "T'T'{7 84nbi4

uoletedas
juswgely
ule10.d

uolesedas
juswsely
apndad

uoljeledas
juswsely
apndad

(sspnidad pazis
9|ppIw 3anpoud
0} pa31o1iIsal)
sisAjoa304d

(uonesiuisdAi
AjjeaidAy)
sisAjoa104d

(leuopido)
sisaJoydoulds|a
-129

(leuondo)
sisaioydoaydra|a
-129

SOIWo0330.4d
umop-doj

$21W0310.4
uUMop

-9|PPIN

SJ1W03]04d
dn-wonog



136

Mass spectrometry-based methods are now used routinely in the identification of
complex protein mixtures. There are a wide variety of methodologies utilised,
depending on the sample being investigated. Any mass spectrometer consists of three
vital components, an ion source (ionises the analytes), a mass analyser (measures the
mass: charge ratio of incoming ions) and a detector (identifies the number of ions of a

particular m/z ratio)(384).

There are two main approaches to ionisation; electrospray ionisation (ESI)(385) and
matrix assisted laser desorption/ionisation (MALDI)(386). ESI is routinely coupled to
liquid chromatography separation techniques such as HPLC and is only possible in the
case of a liquid matrix. ESI is the preferred method for the analysis of complex
mixtures; it is most often coupled with other mass spectrometry tools in the case of
large-scale bacterial proteomics studies. On the other hand, MALDI uses laser pulses
to produce ions from a crystalline matrix and is preferred for simple protein mixtures.
MALDI is routinely coupled to time-of-flight (TOF) analysers for the identification of
microorganisms in microbiology (387). The ionisation source must be coupled to an
analyser of which several types. In its simplest form, an ion trap is anything that uses
magnetic or electric fields to trap charged particles. Historically, three different ion traps
have been described into which all instruments fall; Paul trap, Penning trap and the

Kingdon trap.

A number of different configurations exist including linear ion traps, quadrupole and
Fourier transform ion cyclotrons (FT-MS)(384). In most contemporary instruments
these analysers can be combined to overcome individual limitations. The orbitrap is an
example of a FT-MS instrument and is a Kingdon trap. Orbitraps are a relatively newly
developed tool and have the advantage of being able to discern ions of close m/z ratios
(388). It consists of an outer and inner electrode; ions are injected into the trap from a

C-trap. The ions move around the inner electrode both axially and horizontally; part of
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the outer electrode can detect the movement of the ions and use the Fourier

transformation to convert this to a mass spectrum.

4.1.2 Peptide/Protein Identification

Undoubtedly the most important step in metaproteomics is database selection. In
general, there are three options; public reference, matched or ‘pseudo’-metagenomic
databases (389). A matched database utilises synchronised metagenomics, identifying
the species present within a sample and thereby eliminating superfluous sequences
from the metaproteomic analysis. In contrast, reference databases may contain
sequences not present in the sample. Unfortunately, there is ho way to discern which
species are present within a sample. As metagenomics is expensive 16s-rRNA
sequencing can be utilised alongside metaproteomics to produce a ‘pseudo’-
metagenome that contains only reference database sequences of relevant species

(365, 366, 390).

A variety of public reference databases exist. Some of the most commonly used
databases include UniProt, ENSEMBL (392), NCBI RefSeq (393) and UniRef(394)
(395).UniProt has two sections; UniProtKB/SwissProt and UniProtKB/trEMBL (391).
UniProtKB/SwissProt is manually curated and of a high quality, sequences are non-
redundant. In contrast, UniProtKB/trEMBL is automatically annotated, containing
possible redundant sequences and potentially hypothetical proteins. The UniRef
database is different from the above in that it clusters all fragments with more than 11
residues into one entry. In practice, this means that peptides that match to more than
one organism will be combined in the same entry (396). UniRef is a useful database for
family classification and inference of functional groups. However, clustering related
sequences is not necessarily desirable when conducting large scale gut microbiota

studies.

In addition to the selection of a database, a search algorithm is needed to implement

the matching of spectrum with theoretical peptides. For tandem MS data, database
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sequences are in silico digested during analysis; the resulting theoretical spectra are
compared to the experimentally derived spectra. A number of different search
algorithms are available for matching spectra to peptides, the most common being
Mascot and SEQUEST (397). Another prominent example is X! Tandem (398). More
recently, the Andromeda search engine has gained popularity, probably due to being
open source and user friendly for non-specialists (399). Andromeda is a search engine
implemented in the MaxQuant software suite. Like Mascot, Andromeda uses a

probability-based approach to match theoretical sequences to mass spectra (400).

After peptide identification, the next step is protein inference. Protein inference
presents another challenge due to the existence of ‘degenerate’ peptides. Degenerate
peptides are shared between proteins in differing species (401, 402). Many of these
identifications can be erroneous, patrticularly if a non-specific public database is being
used. Many proteomics packages will report proteins in groups according to shared
peptides, with journals requiring that only the first protein identification (with the most

peptide matches) be reported in publications in line with the rule of parsimony (403).

4.1.3 C. difficile in vitro gut model

The in vitro gut model presents a unique opportunity to simulate CDI and subsequent
recurrence. It has been utilised extensively (91, 92, 153, 404). In general terms, the in
vitro gut model has been used to evaluate the efficacy of antibiotic agents in the
initiation or treatment of CDI, assessing the effects on both C. difficile and the normal
flora. Traditionally, a series of selective solid agars have been utilised to monitor
bacterial populations over time. Microbial culture offers an easy and relatively
inexpensive method of elucidation of a wide range of bacterial populations over a
prolonged period. However, in recent years molecular techniques have superseded
traditional culture-based methods in extending our knowledge of the diverse microbial
community along the gastrointestinal tract. Although sequencing based approaches are
powerful, metagenomics has been found to overlook minor populations thus

systematically decreasing the observed population diversity (405). In order to maximise
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knowledge about phylogenetic and functional aspects of a microbial community, both
culture and sequence-based technologies should be combined to mitigate the
weaknesses of one another (406). This approach has been highlighted previously,

where ~90 ‘unculturable’ species were isolated with a culture based approach (407).

A novel approach to the in vitro gut model would be the combination of traditional
culture-based approaches with metaproteomics. Combining the two might give useful
insight into microbiological factors that predispose to rCDI. Metaproteomics can be
seen as a bridge between culture based and metagenomic approaches to the gut
microbiota. In the context of rCDI and the in vitro gut model, culture based and
metagenomics approaches can be combined for a greater appreciation of microbiota
dynamic throughout disease. However, metaproteomics has the added ability of
potentially identifying the overarching metabolic niche created during infection by
antibiotics. Metabolic processes performed by particular groups of bacteria could
create an environment suitable for C. difficile proliferation. Although host factors are
absent in the in vitro gut model, studies have shown that some species of bacteria may
modulate host immune function. Of particular interest Bifidobacterium longum DJO10A
and Bacteroides fragilis YCH46 were found to produce peptides (FR-17 & LR-17) that
modulate IL-22 induction, a cytokine important in promoting the integrity of the gut
epithelium and protecting against pathogens such as C. difficile (408). A database
containing over 300 milllion peptide entries (Mechanism of Action of the Human
Microbiome (MAHMI)) now exists to try and identify the immunoregulatory functions of

proteins secreted by the gut microbiota (409).

Adopting a proteomics approach within the in vitro gut model presents a number of
technical challenges. The proteinaceous nature of the media feeding the model means
samples cannot be taken directly for LC-MS/MS analysis; media peptides are
contaminants. In addition, the bacterially produced proteins could be at such low

concentrations that instruments used for LC-MS/MS are not sufficiently sensitive for
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peptide identification. As well as the experimental difficulties encountered, microbial
metaproteomics is still a field in its infancy. A variety of approaches exist for accurately
aligning peptide sequences for protein identification. A diverse range of databases are
utilised and this has been found to have a substantial influence on the results of

metaproteomic studies (390).

Chapter 4A investigated a methodology for isolating secreted bacterial proteins from in
vitro gut model populations. The baseline protein levels in Vessels 1, 2 and 3 were
determined by acetone precipitation and Bradford assay. Vessels 1, 2 and 3 of the gut
model simulated the changing conditions encountered down the gastrointestinal tract.
Subsequently a minimal media method was devised to isolate and concentrate
bacterial proteins. Bacterial viability using this method was validated. Chapter 4B
utilised this novel methodology to isolate bacterial proteins from different stages of
simulated C. difficile infection in three recurrence gut models. Bacterial proteins were
analysed by mass spectrometry using a bottom-up proteomics approach. The
taxonomic and functional alterations in the metaproteome at each stage of infection

were presented.

4.2 In Vitro Gut Models

4.2.1 Methods

The in vitro gut model used in these experiments is a triple-stage chemostat model (Fig
4.2.1). The maintenance and setting up of the in vitro gut model has been extensively
described previously (235). It consists of three glass Vessels (Soham Scientific, Ely,
UK) connected in a Weir cascade based on that of MacFarlane et al (410) . The
volumes of Vessels 1, 2 and 3 are 280 ml, 300 ml and 300 ml respectively. A circulated
heated water bath (Grant Instruments, Cambridgeshire, UK) connected to a jacketed
system allowed Vessels to be kept at 37° C. The system was kept anaerobic by a
continuous source of oxygen free nitrogen in all Vessels. The Vessels were kept at pH

levels reflective of the increasing alkalinity of the gastrointestinal tract; 5.5 (x 0.2), 6.2
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(x 0.2), 6.8 (+ 0.2) and pH was monitored by probes (P200 chemotrode, Hamilton,
USA) and maintained by the addition of sodium hydroxide/ hydrochloric acid,
administered by a controller unit (Biosolo, Brighton Systems, UK). A peristaltic pump
was used to top feed a complex growth medium through the Weir cascade; a flow rate

of 13.2 ml/h was achieved.

Populations of various microorganisms were monitored daily by the use of a range of

selective media (Table 4.2.1).

4.2.1.1 Gut Model Preparation

Pooled faecal emulsion (150 ml) was added to each of the gut model Vessels. Growth
media was added to fill Vessel 1 to ~280 ml, after which pumping of media through the
Weir cascade was initiated. Faeces were obtained from three healthy donors.
Antimicrobial therapy in the previous 2 months was an exclusion criterion for donation.
Samples were transported in an anaerobic zip lock bag (Benton Dickinson, Sparks,
MD, USA) within 12 hours for storage in an anaerobic cabinet. Donor faeces were
screened for C. difficile prior to use by anaerobic incubation for 48 hours in duplicate on
CCEYL. Samples positive for C. difficile were not utilised in models. Emulsions were
prepared by the suspension of 10 % w/v faeces in pre-reduced PBS. A smooth slurry
was created by emulsification of the suspension in a stomacher (Stomacher Lab-
Blender 400, Borolabs, Aldermaston, UK). The slurry was passed through a muslin
cloth (Bigger Trading Limited, Watford, UK). Pooled faecal emulsions were flash frozen
in liquid nitrogen and stored at -80° C as previously described (175). The use of the
same donor faeces increased homogeneity between the three models used in the

study.

4.2.1.2 Gut Model Media Preparation
Gut model media was prepared in 2 L Bichner flasks. The complex media (for
ingredients see Appendix B, B.2.2) was sterilised by autoclaving (Priorclave, London,

UK) at 123° C for 15 minutes. After sterilisation, 5 mg/L resazurin (Sigma Aldrich) and
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0.4 g/L glucose were added to the media through a 0.22 um filter syringe (Merck

Millipore, Feltham, UK).

4.2.1.3 Bacterial Population Enumeration

A range of organisms were enumerated on selective and non-selective agars (Table
4.2.1). A full list of ingredients and agars can be found in Appendix B, B.1. From each
vessel of the gut model 1 ml of fluid was removed from the outlet port. Gut model fluid
was serially diluted in pre-reduced peptone water (Oxoid, Basingstoke, UK) to 107,
Four appropriate dilutions were spread on to quarter plates in technical triplicate. Both
facultative and strict anaerobic populations were enumerated. Strict anaerobes were
incubated in an anaerobic chamber; facultative anaerobes (aerobes) were incubated
aerobically at 37° C. for 48 hours. C. difficile spore counts were obtained by diluting gut
model fluid in a 1:1 ratio in 100 % ethanol. After 1-hour spores were serially diluted and

incubated on agar as described above.

After 48 hours of incubation, bacterial colonies were identified and counts were
transformed to log10CFU/ml by multiplying by 50 and 10%, where X is the logarithmic
dilution factor. In the case of uncertainty regarding bacterial colony identification,

MALDI-TOF was utilised as a second means of identification.

4.2.1.4 Cytotoxicity assay

Vero cells were prepared as previously described by Crowther (235). Twenty-mililitres
of Dulbecoo’s Modified Eagles Medium (DMEM) (Sigma) supplemented with newborn
calf serum (50 ml) (Gibco, Paisley, UK), antibiotic/antimycotic solution (5 ml)(Sigma)
and L-glutamine (5 ml)(Sigma) was used to culture vero cells (African Green Monkey
Kidney Cells, ECACC 84113001) in a flat bottom tissue culture flask. Flasks were

incubated at 37° C in 5 % CO..
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When Vero cells formed confluent monolayers (confirmed by microscopy; Olympus UK
Ltd, Middlesex, UK) the monolayer was harvested by removal of DMEM and rinsing
with 1 ml of Hanks Balanced Salt Solution (HBSS) (Sigma) containing trypsin-EDTA
(0.25 g/ L) (Sigma). Subsequently, 6 ml of HBSS-EDTA was added to the flask and
incubated for 10 minutes at 37° C at 5 % CO,. After the cells no longer adhered to the
flask, further passage was achieved by diluting the HBSS-EDTA cell mixture (1:20) in
DMEM in a 96F microtiter tray (Nunc). Vero cells were harvested (160 ul) and
inoculated into wells to which antitoxin would later be added. To other wells trypsinised
Vero cells (180 ul) were added. Trays were incubated for 2 days in 5 % CO; at 37° C.
Sample supernatant and positive controls were serially diluted 10-fold in PBS to 10°°.
The positive control was produced from a 48 hour culture of C. difficile grown in BHI
broth. Serial dilutions were transferred to trays containing Vero cell monolayers.
Clostridium sordellii antitoxin (Prolab Diagnostics, Neston, UK) neutralised the cytotoxic
effects and ensured specificity of cell rounding to C. difficile. A positive test was
indicated by rounding of ~80 % of the Vero cells. Cytotoxin quantity (in relative units;
RU) was assigned based on the greatest dilution a positive test was observed (i.e. 10°°

+ve =5 RU, 10! +ve = 1 RU).

4.2.1.5 C. difficile spore production

Spores of Clostridium difficile strain 210 (PCR ribotype 027) were prepared as
previously described (333). C. difficile spores were incubated in BHI broth
anaerobically at 37° C for 6 days preceding overnight benchtop aerobic incubation.
Growth was harvested by incubation with PBS supplemented with 10 mg/ml lysozyme
at 37° C overnight and subsequent centrifugation. Samples were resuspended in PBS
supplemented with 20 ng/ml protease K and 200 nM EDTA to digest cellular debris.
Sucrose gradient centrifugation was used to separate vegetative cells/cellular debris
from spores. Spores were washed twice before resuspension in 30 ml PBS. After

enumeration spore concentrations were adjusted to ~107 spores/ml.
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Figure 4.2.1. C. difficile in vitro gut model. Vessels 1 (V1), 2 (V2) & 3 (V3) are
highlighted. They simulate the changing conditions encountered along
the gastrointestinal tract. Image taken by the Healthcare Associated
Infection Research Group.
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4.3 Quantification of Protein from the in vitro Gut Model
Vessels

4.3.1 Methods

4.3.1.1 Acetone Protein Precipitation

One-millilitre aliquots were taken from Vessel 1, 2 and 3 of the gut model. Samples
were centrifuged at 9500 g for 10 minutes and the supernatant filter sterilised through a
0.22 um filter and transferred to a sterile tube. Four volumes of chilled (-20° C) 80 %
acetone were added to the supernatant and the sample was left overnight at -20° C.
Subsequently the samples were centrifuged at 9500 g for 10 minutes to produce a

protein pellet. The pellet was stored at -80° C until required.

4.3.1.2 Bradford Assay

The Bradford assay was performed using the protocol from Bio Basic Inc. Protein
standards of 10, 20, 40, 60, 80, 100 and 125 pg/ml were prepared using Bovine Serum
Albumin (BSA) (Sigma Aldrich, UK). Briefly, 1 ml of Bradford Reagent (BioBasic, UK)
(linear range 10-150 pg/ml) was added to 100 pl of protein standard, vortexed and
incubated at room temperature for 10 minutes. One-millilitre was transferred to a
microcuvette and read at 595 nm in a Thermoscientific Genesys 20™
spectrophotometer. Absorbance values were plotted against protein standards to

produce a standard curve.

4.3.1.3 Isolation of Secreted Proteins from Gut Model Microorganisms
4.3.1.4 Minimal Media Resuspension Method

On two consecutive days three 1 ml aliquots were taken from Vessel 3 of the gut
model. Enumeration of gut flora on selective media (Table 4.3.1; full list of media
ingredients in Appendix B, B.2.2) was carried out immediately on the first 1 ml aliquot.
The remaining aliquots were centrifuged at 9500 g for 1 minute and the resulting

supernatant was discarded. Bacterial pellets were washed three times and
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resuspended by using a loop and vigorous vortexing in 1 ml of minimal media. One
aliquot was sampled immediately after washing and the remaining aliquot was sampled
after anaerobic incubation for 1 hour. All agar plates for bacterial enumeration were

incubated anaerobically in triplicate for 48 hours post-inoculation.

Table 4.3.1 The different growth media utilised in bacterial identification and
enumeration from gut model sampling.

Media Media Selectivity

Nutrient agar (NA) Facultative anaerobes/
aerobes

MacConkey agar (MAC) Enterobacteriaceae

Kanamycin aesculin azide Enterococcus sp.

agar (KAA);

Fastidious anaerobe agar Anaerobes

(FAA); 5 % horse blood

Fastidious anaerobe agar Spore Counts
(FAA)

Bacteroides bile aesculin Bacteroides sp.
agar (BBE);

LAMVAB agar Lactobacillus sp.

Beerens agar (BEER) Bifidobacterium sp.
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4.3.1.5 Protein Quantification and Concentration

Samples of 15ml were taken from Vessel 3 of the in vitro gut model. Samples were
divided into 15 Eppendorf tubes and centrifuged for 1 minute at 9500 g. The minimal
media resuspension method was utilised as previously described. After 2 hours
anaerobic incubation the Eppendorfs were removed and centrifuged at 9500 g for 1
minute. Subsequently the supernatant was filter sterilised through a 0.22 um filter and

stored at 4° C until required.

Supernatants were concentrated using Amicon Ultra-15 spin concentrators (MWCO 3
kDA). Samples were centrifuged at 11400 g for 60 minutes in a Beckman Coulter X12
centrifuge. The filtrate was discarded and the retentate stored in a sterile Eppendorf at
4° C. Further validation of protein concentration was carried out by Bradford Assay.
Alfa Aesar Bradford Reagent was utilised (linear range 100-1500 pug/ml). Protein
standards of 200, 400, 600, 800, 1000 and 1200 ug were prepared using BSA (Sigma
Aldrich, UK). Briefly, 3 ml of Bradford Reagent was added to 100 ul of concentrated
sample in a microcuvette and incubated at room temperature for 10 minutes.
Microcuvettes were read at 595 nm in a Thermoscientific Genesys 20™
spectrophotometer. Absorbance values were plotted against protein standards to

produce a standard curve.

To further characterise and validate the presence of bacterially secreted proteins; SDS-
PAGE was carried out in NUPAGE™ Novex™ 4-12 % Bis-Tris Protein Gels. Sixteen-
microlitres of NUPAGE® LDS Sample Buffer was added to 4 ul of sample and
subsequently heated at 100° C for 20 minutes. Twenty-microlitres of each sample was
loaded into each well, with SeeBlue® Plus2 being used as a protein standard. Gels
were run at 200V for 50 minutes, using NUPAGE® MOPS SDS Running Buffer. After
50 minutes, the gel was removed and washed three times for 10 minutes in sterile

deionised water. Gels were stained for 1 hour with SimplyBlue™ SafeStain, after which
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stain was removed and one further wash in sterile deionised water was carried out to

minimise background staining.

4.3.2 Results

4.3.2.1 Bradford Assay

A statistically significant increase in protein concentrations occurred from Vessel 1 to
Vessel 3 of the gut model (19.8 + 1.6 vs 69.0 £ 0.6 ug/ml) (P < 0.05) (Table 4.3.2).
Protein concentrations were calculated using the equation of the standard curve (y =

0.0014x) plotted for BSA standards (Fig 4.3.1).

Table 4.3.2. Mean (x SE) protein concentrations from Vessels 1, 2 & 3 of the gut
model. Values represent the results of triplicate experiments. Groups were
compared using the Kruskal-Wallis H test with post-hoc multiple comparisons.
Statistically significant differences (P< 0.05) are highlighted using *. Statistically
significant differences in protein concentrations between vessels 1 and 3 were
observed.

Vessel Mean (x SE) Protein

Concentration (ug/ml)

1 198+1.6

2 53.8+1.7 *

3 69.0 £ 0.6
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4.3.2.2 SDS-PAGE

The presence of a variety of protein bands could be identified in samples originating
from Vessels 2 and 3 of the gut model, but not in Vessel 1 (Fig 4.3.2). No protein bands
were observed for Vessel 1 samples. Decreased visual band intensity was observed in

samples from Vessels 2 and 3 compared to the protein ladder.

Ladder

Figure 4.3.2. Protein gel electrophoresis of proteins
precipitated from gut fluid from Vessels 1, 2 & 3 of the in
vitro gut model. V1 = Vessel 1, V2 = Vessel 2, V3 = Vessel 3.
Low levels of banding can be seen in Vessels 2 & 3 lanes,
but not in Vessel 1.
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4.3.2.3 Isolation of Secreted Proteins from Gut Model Microorganisms
4.3.2.4 Minimal Media Resuspension Method

Centrifugation and resuspension in minimal media had no significant effect on the
majority of groups recovered on selective media between any of the utilised time points
(Fig 4.3.3). Total anaerobe numbers remained constant pre-centrifugation and 2h post-
centrifugation (8.68 + 0.11 log10CFU/ml vs 8.71 + 0.02 log10CFU/ml). Significant
differences occurred due to centrifugation and/or incubation in the Enterococci and
total spore groups. Enterococci recovery increased from pre-centrifugation to 2h post-
centrifugation (6.03 + 0.14 log10CFU/ml vs 6.67 + 0.04 log1oCFu/ml) (P < 0.001). In
contrast, a significant decrease in total spore counts was detected across the three
treatment groups (before, immediately following and 2 hours post-centrifugation), (3.97
+ 0.19 log10CFU/ml vs 2.89 + 0.05 log10CFU/mI) (P < 0.05). All other organisms showed

stable counts across all three treatments with no substantial variation.
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4.4 Discussion

4.4.1 Quantification of Protein from the in vitro Gut Model Vessels
The Bradford assay and gel electrophoresis highlighted the presence of substantial
levels of protein in all three Vessels of the gut model. Although counterintuitive, the
Bradford assay indicated an increase in protein levels from Vessel 1 to Vessel 3.
Initially it was hypothesised protein levels would decrease from Vessel 1 to Vessel 3,
due to the uptake of media proteins by the bacterial populations. There are possible
explanations as to why this occurred. It is likely that bacteria are using up the peptides
in the media to produce more complex proteins. These proteins bind with greater
affinity to the Coomassie blue dye; Coomassie blue interacts primarily with arginine
and to a lesser extent aromatic residues (411). In addition, the increasing alkalinity
across the gut model from Vessel 1 to Vessel 3 could have affected the binding of the

acidic dye.

Although the presence of protein was highlighted in the gut model Vessels, these
absolute values are unlikely to be accurate. The optimal method for producing a
standard curve is against standards of the isolated protein you are quantifying. This
was not feasible due to the heterogeneous nature of the gut model protein. BSA was
used, and its use as a standard has been questioned by the proteomic field with protein
underestimations long reported (412). Additionally, although acetone precipitation is
effective, 100 % precipitation is not achievable; concentrations are likely to be
underestimated. All these factors could have impacted on the reported measurements

and are acknowledged.

In summary, these experiments demonstrate the viability of isolating proteins from the
gut model Vessels. However, to isolate bacterially produced peptides and avoid media

contaminants, another methodology is required.
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4.4.2 Isolation of Secreted Proteins from Gut Model
Microorganisms

Isolation of bacterial populations from the gut model fluid by repeated washing steps
and resuspension removed the media contaminants. The minimal media utilised (M9
salts solution) for bacterial resuspension contained no peptides but allows the survival
of bacteria due to glucose availability. By isolating bacteria and removing the
contaminating gut model media, the bacteria can respire whilst still producing proteins.
If the process by which bacteria are isolated is not bactericidal, it could be an effective

strategy for isolating bacterial proteins at various points during simulated rCDI infection.

When the effect of centrifugation and subsequent resuspension and incubation in
minimal media was assessed, most cultured groups were not significantly affected.
However, spore populations were found to decrease significantly in response. Spore
germination during the incubation period is the most plausible explanation for this
decrease; the greatest decrease in spore recovery was observed in the samples
incubated for 2 hours anaerobically. The statistically significant increase observed in
Enterococci is more difficult to account for. Unavoidably, samples were processed
aerobically during the centrifugation and resuspension steps during this optimisation
process. It is possible that the death of strict anaerobes created a niche that the
facultative anaerobic Enterococci could utilise to their advantage, thereby dividing and
becoming a more prominent population. However, these data highlight the feasibility of
using the minimal media resuspension for bacterial protein isolation; the methodology

is not detrimental to bacterial cell viability.

In addition to assessing the effect of the minimal media resuspension method on cell

viability, concentration and quantification of protein levels were necessary prior to LC-
MS/MS. In this instance, a 3 kDa membrane spin concentrator was utilised. The 3 kDa
cut-off was chosen due to the heterogeneous nature of the proteins produced; a more
selective filter would have systematically removed any smaller peptides. If this method

identified important groups of similar proteins associated with rCDI a more selective
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filter with a higher molecular weight cut off (MWCO) could be utilised. Concentration of
~15 ml of supernatant produced ~500 pl of supernatant with a concentration of ~500

pg/ml of protein. Approximately 250 pg of protein is ample for downstream LC-MS/MS.

In this study a minimal media resuspension method has been optimised for isolation of
bacterial proteins from the in vitro gut model. It successfully removes the peptide
impurities associated with media and permits bacterial cell viability. Additionally,
concentration of protein by spin centrifugation produces a total protein weight of
approximately 250 ug. As such, this methodology can be carried forward for produce

subsequent samples for LC-MS/MS analysis.
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Chapter 4 B — rCDI Gut Models

4.5 Methods

Samples for analysis were taken from three gut models (E, F & G), the running of
which was funded by Seres Therapeutics. The current study was not directly financially
supported by Seres Therapeutics. The models were seeded initially with the same

donor faeces.

Sixteen-millilitres of gut model fluid was taken from Vessel 3 of models E, F and G.
This was divided into eight 2 ml aliquots in Eppendorfs. All processing was undertaken
anaerobically at 37° C. Eppendorfs were centrifuged for 1 minute at 9500 g. The
supernatant was discarded and the pellet resuspended in 2 ml of PBS by loop
homogenisation and vortexing. The washing step was repeated three times. After the
final resuspension step the Eppendorfs were incubated for two hours. After incubation
the supernatant was filter sterilised through a 0.22 um filter syringe. After sterilisation
the supernatant (~16 ml per model) was concentrated in an Amicon Ultra-15 3 kDa
spin filter by centrifugation at 11400 g for 60 minutes in a Beckman Coulter X12

centrifuge. The filtrate was discarded and the retentate stored at 4° C.

Samples were taken to Dr Alexandre Zougman at the University of Leeds for processing
and subsequent LC-MS/MS by the STRap method (377). The S-tip was comprised of a
combination of QM-A (Whatman), MK360 and Empore Cis (3M) plugs in a pipette tip.
Membranes were placed in the pipette tip using 1/16° PEEK tubing (1535, Upchurch
Scientific). The O-tube consisted of a 1.5 ml microcentrifuge tube (Sarstedt) with an
artificially punctured lid. The S-tip was inserted in to the O-tube and 120 ul of 90 %
methanol, 100 mM Tris/HCI was added to the S-tip. After 1 minute 2 pl of 12.15 %
phosphoric acid solution (in H>O) was added to 18 ul of the sample. The sample was
added to the S-tip and centrifuged for 2 minutes at 2800 g. The filtrate was discarded

and 70 ul 90% methanol, 100 mM Tris/HCI| was added before a further centrifugation
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step for 45 seconds at 2800 g. Thirty-microlitres of 50 mM ammonium bicarbonate
solution (in H>O) was added and the contents centrifuged for 30 seconds at 2800 g.
Twenty-two microliters of 0.033 pg/ul trypsin (V5111, Promega) and incubated for 60
minutes at 47° C in a heat block (PHMT, Grant). After incubation, the S-tip was removed
from the spin-unit and 50 pl of 50 mM ammonium bicarbonate solution (in H2O) was
added. The spin-unit was centrifuged for 60 seconds at 2300 g. One-hundred microliters
of 0.5% trifluoroacetic acid (in H.O) was added to the S-tip and centrifuged for 90
seconds at 2500 g. The S-tip was then placed in a fresh O-tube and 80 ul of 70 %
acetonitrile, 0.5 % formic acid (in H.O) was added and centrifuged for 5 seconds at
2500g. After 30 seconds a further centrifugation of 1 minute at 2500 g was undertaken.
The eluate was concentrated in a SpeedVac to a final volume of 5 — 12 ul. If required,
the concentrated peptides were diluated to the required volume with 0.2 % formic acid

(in Hz0).

A schematic outlining the time scales and treatments involved in each of the three gut
models (E, F & G) is outlined in Figure 4.5.1. A table of samples taken is shown (Table
4.5.1)An overview of the optimised methodology utilised for these set of experiments can

be also seen below in Figure 4.5.2.
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Figure 4.5.1. Overviews of the timeline for the E, F & G in vitro C. difficile
recurrence gut models. The graphs show the daily average total viable
counts of C. difficile (spores & vegetative cells) and toxin levels in the three
models. All the models underwent an adjustment ‘steady state’ period (i)
prior to the establishment of a C. difficile reservoir (ii). Two doses of RT 027
C. difficile spores (1.7 x 10’ spores/ml) were added 7 days apart to establish
areservoir. C. difficile infection was induced by a 7-day course of
clindamycin (iii) (33.9 mg/L Q.D.S). Simulated CDI (iv) was treated with
vancomycin (v) (125 mg/L Q.D.S) for 7 days. After treatment each model
received an additional treatment (vi); three 10 ml spore prep (SER-109) doses
(model E), a single 10 ml spore prep (SER-109) preparation (model F) or
simulated faecal microbiota transplantation (model G). In the proceeding
period (vii) model F was the only model for recurrence to take place.
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Table 1.5.1. Samples taken from models E, F, & G of the C. difficile gut models.
Stage of infection is presented with the model day. Roman numerals correspond
to Figure 3.2.1. Intotal, 15 samples were taken for MS analysis; 3 from steady
state (E, F, G), 3 from the dysbiotic niche created by clindamycin (E, F, G), 3 from
during CDI (E, F, G), 2 from after vancomycin treatment (F, G), 1 from after
multiple (3) spore prep infusions (E) 1 from after FMT (G) & 1 rCDI sample (F).
Recurrence of CDI occurred in one model (F). Where samples are absent (E —
CDI, F — post-spore prep) this is due to inadequate protein concentrations

Model(s) Stage of Infection Model day

E,F,.G Last day of Clindamycin

instillation (iii) 42

EF CDI (iv) (E), last day of

vancomycin dosing (v) (F) 65

G +4 days from FMT (vi) (G) 74

E Post-spore prep (i) 87
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4.5.1 Metaproteomic Analysis

Peptide identification and protein assignment were obtained by searching mass spectra
against the manually curated UniProtKB/SwissProt complete bacterial database in
MaxQuant version 1.6.1.0. The algorithm incorporated into MaxQuant was used for
these purposes (Andromeda). The following parameters were employed in MaxQuant;
a MS scan mass tolerance of 7 ppm, a fragment mass tolerance for MS/MS of 0.5 Da,
protein N-terminal acetylation, oxidation of methionine and carbamidomethylation of
cysteine were set as variable modifications. The maximum false discovery rate (FDR)

for proteins/peptides was set at 0.1.

An overview of metaproteomic analysis can be seen below (Fig 4.5.3). For taxonomic
analysis, the tryptic peptides were analysed by the MetaProteomics analysis module in
Unipept 3.3.5. Unipept taxonomically assigns peptides based on a lowest common
ancestor approach. Isoleucine and leucine were equated, duplicate peptides were
removed and the advanced missed cleavage handling function was applied. For
functional analysis of proteins, in line with the rule of parsimony, only the first protein
from each assigned protein group was taken for functional analysis. It is possible for
unique peptides to match to more than one protein, particularly in different organisms.
As such, protein groups (proteins sharing the same peptides) can contain more than
one protein ID (Table 4.5.2). As a rule of parsimony, only the first protein ID with the
highest indication is reported. This is in accordance with Molecular & Cellular
Proteomics guidelines (403). However, a full table of reported protein groups can be
found in Appendix C. Protein function was allocated using the UniProtKB/SwissProt

database.

This workflow is based on the work of Tanca et al (413).
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45.1.1 Culture on selective media

As detailed previously, selected bacterial populations were enumerated throughout the
duration of the gut models. On days microbial culture data was absent, data from the
proceeding nearest day were utilised. In this instance the day of the model is indicated

for transparency. For detailed gut model methodologies refer to 4.2.1.
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Raw data

Tryptic peptide
list

ProteinGroups.txt

V V

UniPept metaproteome Rule of parsimony —
analysis — tryptic first protein per group
peptide LCA approach - UniProtKB/SwissProt

functional data

Taxonomic analysis Functional analysis

Figure 4.5.3. Methodology used for the taxonomic and functional analysis of
MaxQuant output. The Andromeda search engine was used to match mass
spectra to the UniProtKB/SwissProt bacterial database. The tryptic peptide
list was used to assign peptide taxonomy based on a lowest common
ancestor (LCA) approach in UniPept 3.3.5. The first inferred protein from each
MaxQuant output group was used for functional annotation of proteins in
UniProtKB/SwissProt.
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4.6 Results

4.6.1 Model E — Multiple spore prep doses

579 bacterial tryptic peptides were identified in steady state. Peptides were assigned to
Firmicutes (13.0 %), Bacteroidetes (0.9 %), Actinobacteria (41.1 %) and Proteobacteria
(2.5 %). The majority of peptides could not be assigned below the Bacteria LCA level
(60.0 %). The steady state sample corresponds to day 30 of the gut model. At day 30
of the model, high levels of anaerobes were reported (Fig 4.6.1); total anaerobes (8.74
+ 0.14 log10CFU/ml) ,Clostridia (7.45 + 0.05 log1oCFU/mI), Bifidobacteria (7.26 + 0.04
log10CFU/mI). Substantially lower levels of B. fragilis were reported (5.50 logi0CFU/ml).
In facultative anaerobes, low levels of Enterococci (5.13 + 0.08 log.0oCFU/mI) and high
levels of and Lactobacilli (7.26 + 0.04 logi10CFU/ml) were reported (Fig 4.6.2). Lactose-

fermenting Enterobacteriaceae (LFAs) were enumerated at 6.61 £+ 0.02 log10CFU/m.

At the end of clindamycin exposure, 773 tryptic peptides were identified. An increase in
the proportion of proteins assigned to the Proteobacteria (28.2 %) and Firmicutes phyla
(24.3 %) steady state was observed. A large decrease in the proportion of
Actinobacteria assignments was observed (0.1 vs 41.1 %). 47.0 % of peptides could
not be distinguished further below the Bacteria superkingdom. This proteomics sample
was taken on day 42 of the gut model. On day 42 reductions in strict anaerobes,
Clostridia (7.45 + 0.05 vs 3.57 £ 0.04 log10CFU/mI) and Bifidobacteria (7.26 + 0.04 vs
below the LLOD) were observed vs day 30 (steady state). B. fragilis populations were
not altered substantially by clindamycin exposure (5.50 vs 5.49 + 0.03 log1cCFU/mI).
Populations of the facultative anaerobic Lactobacilli and Enterococci were comparable
to steady state. In contrast, a substantial increase in lactose-fermenting

Enterobacteriaceae (6.61 + 0.02 vs 8.38 + 0.10 log1oCFU/ml) was evident.

The sample corresponding to day 65 was taken towards the end of CDI. Peak C.
difficile TVC counts (4.75 £ 0.05 log10CFU/ml) occurred on day 64 with peak toxin

levels (3 relative units) following on day 66 (Fig 4.5.1). A total of 646 bacterial tryptic
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peptides were assigned. The proportion of protein identifications decreased from
Firmicutes (19.5 vs 24.3 %) and Proteobacteria (13.6 vs 28.2 %) phyla organisms vs
post-clindamycin. The proportion of Bacteroidetes identifications increased to 12.7 %.
53.4 % of peptides could not be distinguished below the Bacteria superkingdom level.
Compared to post-clindamycin the number of strict anaerobes identified by culture
increased substantially (8.54 + 0.03 vs 9.17 £ 0.01 log1,CFU/mI), with increases in
B.fragilis (5.47 £ 0.03 vs 8.18 + 0.07 log10CFU/ml) and Clostridial (3.57 + 0.04 vs 6.50
0.06 log10CFU/mI) populations. Interestingly, although Bifidobacteria populations
increased in to the earlier stages of CDI (days 46-64) to a maximum (5.00 + 0.01
log10CFU/mI), by day 65 Bifidobacteria populations were undetectable. In contrast,
facultative anaerobic levels decreased (8.56 + 0.07 vs 7.78 + 0.06 log10CFU/ml), with a
corresponding decrease in lactose-fermenting Enterobacteriaceae (8.38 £ 0.04 vs 7.40
+ 0.02 log10CFU/mI). E. faecalis numbers increased ~10-fold (5.21 £+ 0.10 vs 6.18 +
0.08 log1oCFU/mI) whilst Lactobacilli numbers remained comparable to post-

clindamycin levels (7.32 £ 0.04 vs 7.60 % 0.25 log1oCFu/ml).

Although a post-vancomycin sample was produced for model E, protein concentrations

were too low for LC-MS/MS even after concentration (<30 pg/ml).

In the sample produced after multiple doses of an undefined spore prep, 470 tryptic
peptides were processed and assigned as follows; Firmicutes (19.4 %), Bacteroidetes
(20.9 %), Actinobacteria (0.4 %) and Proteobacteria (12.3 %). 47.0 % of peptides could
not be distinguished further below the Bacteria superkingdom level. This sample

corresponds to day 87 of the model.
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4.6.2 Model F - Single spore prep dose
476 peptides were assigned from the LC-MS/MS sample from steady state. The

identified peptides were from Firmicutes (25.9 %) Actinobacteria (10.5 %),
Bacteroidetes (7.8 %) and Proteobacteria (17.4 %) phyla. Thirty-eight percent of
peptides could not be assigned below the Bacteria superkingdom level. This sample
corresponds to day 30 of the model. At day 30 culture revealed total strict anaerobe
levels of 8.88 + 0.08 log10CFU/ml with levels of B.fragilis (6.60 log10CFU/ml),
Bifidobacteria (8.83 + 0.06 log10CFU/mI) and Clostridia (7.88 = 0.08 log.0CFU/mI),
respectively (Fig 4.6.3. On day 29, total levels of facultative anaerobes were
enumerated at 7.52 + 0.02 log10CFU/ml) with populations of lactose-fermenting
Enterobacteriacae (7.77 £ 0.01 log10CFU/mI), Enterococci (5.82 £ 0.01 log10CFU/mI)

and Lactobacilli (8.12 = 0.01 log10CFU/ ml) (Fig 4.6.4).

At the end of clindamycin exposure, 771 peptides were identified. A decrease in the
proportion of proteins assigned to the Proteobacteria phylum vs steady state was
observed (13.7 vs 17.4 %) as well as in Firmicutes (13.7 vs 25.9 %))and Actinobacteria
(10.5 vs 0.3 %) assignments. Interestingly, Bacteroidetes assignments increased (18.3
vs 7.8 %). 53.8 % of peptides could not be distinguished below the Bacteria
superkingdom level. This sample corresponds to day 42 of the model. Microbial culture
revealed a total strict anaerobe population of 8.98 + 0.03 log:0CFU/mI, with comparable
levels of B.fragilis (6.60 vs 6.72 = 0.03 log10CFU/mI) but decreased levels of
Bifidobacteria (8.83 + 0.06 log10CFU/mI vs below LLOD) and Clostridia (7.88 + 0.08 vs
3.41 + 0.03 log10CFU/ml) compared to steady state. Total facultative anaerobes
increased vs steady (7.52 £ 0.02 vs 8.19 + 0.02 log1oCFU/ml), with similar levels of
lactose-fermenting Enterobacteriaceae (7.77 + 0.01 vs 8.05 + 0.04 log10CFU/ml),
increased levels of Enterococci (5.82 £ 0.02 vs 6.92 + 0.01 log1oCFU/mI) and a

considerable reduction in Lactobacilli (8.12 £ 0.10 vs 5.85 + 0.05 log10CFU/ml).
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A total of 367 peptides were identified during CDI. The proportion of peptide
assignments increased from Firmicutes (42.0 vs 13.7 %). Bacteroidetes (7.4 vs 18.3 %)
and Proteobacteria (5.7 vs 13.7 %) proportions dropped vs post-clindamycin. 43.9 % of
peptides could not be distinguished below the Bacteria superkingdom level. This
sample corresponds to day 57 of the model. Toxin detection began at day 47, with
peak toxin detected at days 51 and 56 (Fig 4.5.1) and the highest C. difficile TVC
counts at day 50 (Fig 4.5.1). When compared to the post-clindamycin sample, microbial
culture revealed an increase in total strict anaerobes (8.93 + 0.07 vs 9.33 + 0.07
log10CFU/mI) with similar levels of Bacteroidetes (6.92 = 0.08 vs 7.22 + 0.01
l0g10CFU/mI) and Clostridia (6.12 + 0.10 vs 6.00 + 0.14 log10CFU/mI), but a substantial
increase in Bifidobacterium from below the LLOD ( <LLOD vs 5.37 + 0.30

|Og1oCFU/m|).

In the post-vancomycin sample, 594 peptides were identified; Firmicutes (8.9 %),
Bacteroidetes (1.9 %), Actinobacteria (0.0 %) and Proteobacteria (42.1 %). The
proportion of all phyla decreaed compared to Proteobacteria. 46.0 % of peptides could
not be distinguished below the Bacteria superkingdom level. The sample was taken on
day 65 of the model. A decrease in total strict anaerobes (9.33 £ 0.07 vs 8.53 £ 0.03
log10CFU/mI) was observed compared to the sample taken during CDI, with >2.5 log
decreases in Bifidobacteria (5.37 £ 0.30 log10CFU/ml vs <LLOD), Bacteroidetes (7.22 +

0.01 log10CFU/ml vs <LLOD) and Clostridia (6.00 + 0.14 vs 3.37 + 0.30 log10CFU/ml).

Despite combination of several samples, protein levels in Vessel 3 of model F were too

low even after spin concentration. Therefore, no results are available for this time point.

In the sample taken after recurrence, 363 peptides were identified; Firmicutes (56.2 %),
Bacteroidetes (1.1 %), Actinobacteria (3.3 %) and Proteobacteria (4.7 %). 34.7 % of
peptides could not be distinguished below the Bacteria superkingdom level. This
sample was taken on the last day of the model (day 95). The recurrence of CDI is

illustrated by the high levels of C. difficile vegetative cells on day 80 and the



173

corresponding peak toxin levels on day 84. The increased level of C. difficile vegetative

cells compared to spores is indicative of germination.
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4.6.3 Model G - FMT
453 peptides were identified from the LC-MS/MS sample from steady state. The

identified peptides were assigned to Firmicutes (33.8 %) Actinobacteria (8.6%),
Bacteroidetes (7.3 %) and Proteobacteria (13.2 %) phyla organisms. 37.1% of peptides
could not be distinguished below the Bacteria superkingdom level. The steady state
sample was taken on day 30 of the model. Microbial culture revealed high levels of
total strict anaerobes (9.16 £ 0.05 log.0CFU/mI), with substantial populations of
Bacteroidetes (7.67 log1oCFU/mI), Bifidobacteria (6.90 = 0.04 logi1,CFU/mI) and
Clostridia (8.18 + 0.21 log10CFU/mI) (Fig 4.6.5). Total facultative anaerobes were
enumerated at 8.11 + 0.05 log10CFU/mI, with considerable levels of lactose-fermenting
Enterobacteriaceae (7.77 + 0.03 log10CFU/mI), Enterococci (5.73 £ 0.15 log10CFU/mI)

and Lactobacilli (7.15 £ 0.07 log1oCFU/mI) (Fig 4.6.6)

At the end of clindamycin exposure, 443 peptides groups were identified. An increase
in the proportion of proteins assigned to the Proteobacteria phylum (21.7 vs 13.2 %) vs
steady state was observed. The proportion of assignments to other groups decreased
when compared to steady state; Firmicutes (19.6 vs 33.8 %), Actinobacteria (0.0 vs 8.6
%) and Bacteroidetes (2.3 vs 7.3 %). 55.8 % of peptides could not be distinguished
below the Bacteria superkingdom level. The post-clindamycin sample was taken on
day 45 of the model. On day 44, compared to day 30 (steady state) total strict
anaerobe levels decreased (9.16 + 0.05 vs 8.62 £ 0.10 log10CFU/mI) with reductions in
Bifidobacteria (6.90 + 0.04 log10CFU/mI vs <LLOD) and Clostridia (8.18 + 0.21 vs 5.82
+ 0.10 log10CFU/mI) observed. In contrast, total facultative anaerobes were comparable
(8.11 + 0.05 vs 8.23 + 0.06 log10CFU/mI), with similar levels of lactose-fermenting
Enterobacteriaceae (7.77 £ 0.03 vs 7.73 + 0.10 log10CFU/ml), Enterococci (5.73 £ 0.15
vs 5.62 + 0.09 log1oCFU/mI) and Lactobacilli (7.15 £ 0.07 vs 7.43 + 0.09 log10CFU/mI)

vs steady state.
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A total of 594 peptides were assigned from the sample taken from during CDI. The
proportion of peptide assignments increased from Firmicutes (31.7 vs 19.6 %)
Bacteroidetes (9.1 vs 2.3 %) and Actinobacteria (0.0 vs 0.7 %) phyla organisms vs the
post-clindamycin sample. The proportion of Proteobacteria phylum peptide
assignments decreased (15.5 vs 21.7 %). 41.0 % of peptides could not be
distinguished below the Bacteria superkingdom level. The sample for CDI was taken on
day 57. Compared to day 44 (post-clindamycin), total strict anaerobe populations were
higher (8.62 = 0.10 vs 9.14 + 0.14 log10CFU/mI) with increased levels of Bacteroidetes
(7.59 £ 0.02 vs 7.87 £ 0.10 log10CFU/ml) and Bifidobacteria (<LLOD vs 5.83 £+ 0.05
log10CFU/mI), and comparable levels of Clostridia (5.82 + 0.10 vs 5.52 logi1o,CFU/ml) on
day 56. In contrast, over the same time period total facultative anaerobes decreased
(8.23 £ 0.06 vs 7.32 £ 0.02log1o CFU/mI), with reductions in lactose-fermenting
Enterobacteriaceae (7.73 + 0.10 vs 6.63 + 0.02 log1oCFU/mI) and increases in
Enterococci (5.62 + 0.09 vs 6.53 + 0.04 log1oCFU/mI). Lactobacilli populations

remained comparable to post-clindamycin (7.43 £ 0.09 vs 7.49 + 0.02 log10CFU/mI).

In the post-vancomycin sample, 594 peptides were identified and assigned. Decreases
in assignment of peptides occurred in all but the Proteobacteria phyla (42.1 vs 15.5 %);
Firmicutes (8.9 vs 31.7 %), Bacteroidetes (1.9 vs 9.1 %) and Actinobacteria (0.0 vs 0.7
%). 46.0 % of peptides could not be assigned to a lower level than the Bacteria
superkingdom. This sample was taken on day 70 of the model. Compared to CDI, a
small decrease in total strict anaerobes was observed (9.14 £ 0.14 vs 8.62 + 0.01
log10CFU/mI) when cells were cultured on selective media. Bacteroidetes (7.87 + 0.10
log10CFU/mI vs <LLOD) and Bifidobacteria (5.83 £ 0.05 logi1o,CFU/ml vs <LLOD)
numbers both dropped below the LLOD, Clostridia numbers decreased marginally
(5.52 vs 5.22 log1oCFU/mI). In contrast, total facultative anaerobes increased ~2.5
log10CFU/ml, with substantial increases in lactose-fermenting Enterobacteriaceae (6.38

+ 0.02 vs 8.91 = 0.03 log1oCFU/mI)) and Lactobacilli (7.49 £ 0.02 vs 9.15 + 0.05
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log10CFU/ml). Enterococci populations decreased (6.53 + 0.04 vs 3.92 + 0.10

log10CFU/mI).

In the post-FMT sample, 179 peptides were identified and assigned; Firmicutes (56.2
%), Bacteroidetes(1.1 %), Actinobacteria (3.3 %) and Proteobacteria (4.7 %). 34.7 % of
peptides could not be assigned to a lower level than the Bacteria superkingdom. This

sample was taken on day 74 of the model.
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4.6.4 Overall Taxonomic analysis

The taxonomic assignment of tryptic peptides from all stages of infection in all three
models are visualised below (Fig 4.6.7). 1289 tryptic bacterial peptides were assigned
from all 3 model samples in steady state. Peptides were assigned to Firmicutes (24.2 +
6.1 %), Bacteroidetes (5.3 + 2.2 %), Actinobacteria (20.1 + 10.5 %) and Proteobacteria
(11.0 + 4.5 %). A large percentage of peptides could not be assigned below the

Bacteria LCA level (39.1 + 1.6 %).

At the end of clindamycin exposure, 1369 bacterial tryptic peptides were analysed. An
increase in the proportion of proteins assigned to the Proteobacteria (21.2 + 4.2 %)
was observed and a substantial decrease in the proportion of Actinobacteria peptides
(0.1 £ 0.1 %). Levels of Firmicutes (19.2 £+ 3.1 %) and Bacteroidetes (6.9 £ 5.7 %)
assignments were comparable to steady state. 52.2 + 2.7 % of peptides could not be

assigned below the Bacteria superkingdom.

CDI is demonstrated by the presence of high toxin in all three models after the end of
clindamycin exposure (Fig 4.5.1). In samples taking during CDI, a total of 990 bacterial
tryptic peptides were analysed. Compared to post-clindamycin, more peptides were
assigned to Firmicutes (31.1 + 6.5 %) and less to Proteobacteria (11.6 + 3.0 %) phyla
organisms. Actinobacteria (0.5 £ 0.2 %) and Bacteroidetes (9.7 + 1.6 %) assignments
were comparable. 46.1 + 3.7 % of peptides could not be assigned below the Bacteria

superkingdom.

At the end of vancomycin treatment, 876 bacterial peptides were analysed. Only the
results from two samples are presented (models F & G) as the sample from model E
failed LC-MS/MS due to low protein concentration. Compared to CDI samples, a
decrease in Firmicutes (15.7 = 6.8 %) and Bacteroides (1.2 + 0.8 %) assignments were
observed. Proteobacteria assignments increased substantially (39.3 + 2.9 %). 43.0 =

3.0 % of peptides could not be assigned below the Bacteria superkingdom.
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Compared with the post-vancomycin samples, the sample proceeding multiple spore
doses (model E) had substantially increased levels of Bacteroidetes (20.9 %) assigned
peptides. Proteobacteria assignments were substantially decreased (12.3 %) whilst
Firmicutes (19.4 %) and Actinobacteria (0.4 %) assignments were comparable with
post-vancomycin. 47.0 % of peptides could not be assigned below the Bacteria
superkingdom. In comparison, the post-FMT sample had increased levels of Firmicutes
(59.0 %), with low levels of Bacteroidetes (1.7 %), Actinobacteria (0.6 %) and
Proteobacteria (5.6 %) assignments. Interestingly, the sample taken late in recurrence
(model F) had a similar profile; Firmicutes (56.2 %), Bacteroidetes (1.1 %),
Actinobacteria (3.3 %) and Proteobacteria (4.7 %). However, at the class level a
greater proportion of peptides were assigned to clostridia (77.4 %) in the post-FMT
sample compared to the rCDI sample (45.1 %). Bacilli assignment accounted for the
remaining peptides. Levels of peptides unassigned below the Bacteria level were also

similar between the post-FMT and rCDI samples (33.0, 34.7 %).



183

‘wopbBunjiadns eliajoeg ay} mojaq Ajjeoiioads aiow paubisse aq jou ued sapidad sajesipul YD elajoeg, "pajesysnj|l

S| |aA9] elAyd ayl 1e wuawubisse AjuQ ‘aseqelep 19Ny gM101dIun ayl uiyum apnidad e jo saouelsul e spulj ldadiun

‘yoeosdde (YD) J01S82UB UOWWOD 1SBMO| B UO paseq Ajjediwouoxe) sapndad subisse 1dadiun "umoys aJe uoloajul jo sabels

snolteA 1e (9°4‘3) s|japow 1n6 0J1IA Ul 834Y] WoJj Bleq "epawolpuyiuendxe Buisn aseqeiep [elia1oeq 1014SSIMS/gM10idiun ayl
1sureBe eaoads ssew Bulyoseas wody paresauab sem isi| apndad ondAi ayl - 1dadiun Buisn juswubisse apndad ondAil *2 9y ainbi4

daud
1a>4 1IA4 aJods
-15o0d -150d [ajdnny jupAdwoouea-1sod 1aD upAwepulp-1s0d 91e3s Apeals

u_wm_uu_w_mfu o_m_u ufm_u
- %0
%0T
Sa3ndiuil{ m ot
mmuwﬁ_Oquumm | | %0¢
m_._mu_.umn_OC_uu,Q [ | %01
0!
B1193108(0230.d W
%05
VD1 euapeg m
%09
%0L
%08
%06
- %00T



184

4.6.5 Overall Functional analysis

The functional assignment of proteins to metabolic pathways can be seen below (Fig
4.6.8). The dominant metabolic processes in all models throughout all stages of
simulated infection were carbohydrate degradation, carbohydrate biosynthesis and
amino acid biosynthesis. The overall metabolic profile of the models is not changing
substantially over time with an obvious trend. However, in model G clindamycin
exposure caused proteins involved in carbohydrate degradation/biosynthesis to
decrease from 73.5 % of the total to 56.5 %. At the end of recurrence, 62.5 % of
isolated proteins were involved in carbohydrate degradation/biosynthesis compared to
51.2 % following vancomycin treatment. Interestingly, proteins involved in antibiotic

biosynthesis were only present in post-vancomycin samples.
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4.7 Discussion

The metaproteome varied considerably between different models and time points (Fig
4.6.7). Despite using the same frozen faecal material to seed the models, the
metaproteome differed considerably between models in steady state. Using frozen
faeces for FMT proved non-inferior to fresh faeces in resolving rCDI in a double-blind
randomised control trial (177). In model E there was a high abundance of
Actinobacteria and lower levels of Firmicutes and Bacteroidetes peptides compared to
models F. This is in accordance with culture data documenting high levels of
Bifidobacteria (7.26 + 0.04 log10CFU/mI) and low levels of B.fragilis group organisms
(5.50 log1oCFU/mI) (Fig 4.6.1). Models G and F appear to be more consistent with
previous data illustrating human faeces to be dominated by Firmicutes and
Bacteroidetes phyla organisms, with low levels of Proteobacteria (414) (Fig 4.6.7). In
experiments using Drosophila melanogaster (415, 416) and Caenorhabditis elegans
(416, 417) to study gut colonisation it was highlighted that initial gut bacterial
colonisation is stochastic like a ‘lottery’; different outcomes can arise from the same
starting inoculum. Some bacterial species may have a greater chance of colonisation
due to their ability to persist in the gut and resist displacement from ingested microbes
(415-417). Although the in vitro gut model has no immune component or external
bacterial displacement, the stochastic nature of colonisation may account for
differences between models in steady state. The high levels of Proteobacteria
identifications in steady state are consistent with previous gut model data where
substantial numbers of lactose-fermenting Enterobacteriaceae were isolated (91, 92,
286, 404). The initial faecal processing required for seeding of the models exposes
faecal bacterial populations to a brief aerobic period. In addition, sampling leads to
transient oxygenation of the gut model Vessels, potentially accounting for the increased

Proteobacteria presence.
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After clindamycin treatment, the number of Actinobacteria assignments decreased
substantially in all the models, most notably in model E (Fig 4.6.7). These findings are
consistent with culture data where Bifidobacteria levels dropped substantially (< 5
log10CFU/mI) to below the lower limit of detection in all three models (Figs 4.6.2, 4.6.4,
4.6.6). Bifidobacteria species are particularly susceptible to clindamycin as illustrated
by MIC testing in a wide range of species (418). A trend of increased Proteobacteria
assignments was observed. This is expected due to the sensitivity of a range of
anaerobes to clindamycin including streptococci, pneumococci, staphylococci and
B.fragilis. In contrast clindamycin has practically no activity against the facultatively
anaerobic organisms. As well as various classes of Proteobacteria, clindamycin also
has no activity against some Firmicutes such as enterococci (419). In mice models, a
single dose of clindamycin was found to induce Enterobacteriaceae predominance in
conjunction with an overall decreased biodiversity as demonstrated by 16s-rRNA
sequencing (420). Interestingly, Bacteroidetes assignments increased proportionally in
model F. This coincided with decreased levels of Firmicutes peptides; coinciding with
substantial drops in both clostridia (7.88 £ 0.08 vs 3.41 + 0.03 log.oCFU/mI) and
Lactobacilli (8.12 + 0.10 vs 5.85 * 0.05 logi1oCFU/mI) on culture media (Fig 4.6.3). The
increased proportion of Bacteroidetes peptide assignments can be accounted for by
the overall reduction in Firmicutes organisms, as demonstrated by the culture data. It is
unclear why B. fragilis numbers remained relatively unaffected by clindamycin, but
reduced susceptibility to clindamycin has been documented in 21.2 % of faecal isolates
previously (421). In model E, the relative increase in Firmicutes peptide assignments
can be accounted for by the drastic reductions in Bifidobacteria. The differences
between the models after clindamycin exposure are likely due in part to variable initial

steady state populations.

After the cessation of clindamycin, high C. difficile toxin levels in all three models were
indicative of CDI (Fig 4.5.1). The end of antibiotic pressure allowed the recovery of

Bacteroidetes, Firmicutes and Actinobacteria organisms as exemplified by increased
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peptide assignments. The recovery of Firmicutes and Bacteroidetes organisms during
CDI and the subsequent dominance of Proteobacteria (entirely Gammaproteobacteria)
after vancomycin treatment raises questions; vancomycin treatment could be

precipitating rCDI by its deleterious effects.

Recurrent CDI only occurred in model F, as illustrated by high C. difficile TVCs and
toxin on day 78 (Fig 4.5.1). It should be noted C. difficile TVC counts increased to ~2
log10CFU/mI above spore levels prior to the end of model E. Despite the absence of
toxin, recurrence might have occurred if the model had been left for a longer time
period. In contrast, model G showed no signs of resurgence in C. difficile vegetative
populations. Interestingly the metaproteomic composition of the post-FMT (model G)
and post-multiple spore dose (E) samples were substantially different; model E was
dominated by Bacteroidetes peptides compared to the high levels of Firmicutes peptide

assignments observed in model G (Fig 4.6.7).

One would not expect the spore preparation to directly increase levels of Bacteroidetes
phyla organisms as they are non-spore formers. Specific Firmicutes assignments in
model E were a mixture of bacilli and clostridia contrasting with the dominance of
clostridia in model G. Culture data shows higher levels of B. fragilis group organisms in
model G and clostridia levels ~3 logi1oCFU/mI higher than in model E. These results are
concordant with previous studies documenting an increase in Clostridium species as a
result of FMT (164). One study by Wang et al found that prior to recurrence, patients
had a paucity of Lachnospiraceae and Ruminococcaceae family organisms in their gut
compared to patients who did not suffer a further recurrence (422). Interestingly, the
metaproteomes of the post-FMT sample and the sample taken from late in rCDI from
model F are comparable. Despite this, culture data for the rCDI sample demonstrate

lower levels of clostridia and B. fragilis group organisms compared with post-FMT.

The success of both FMT and the unknown spore preparation illustrates the underlying

complexity of achieving colonisation resistance against C. difficile. A number of
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mechanisms have been suggested; out competition by other bacterial species,
community regulation by bacteriophage competition, production of specific
antimicrobial compounds and production of unfavourable metabolic substrates (for
example, short-chain fatty acids)(423, 424). The primary mechanism of efficacy for
FMT remains unclear and is likely to be multifactorial (424). Previous work has
demonstrated the efficacy of C. scindens in preventing C. difficile infection in mice due
to an ability to convert primary to secondary bile acids (93, 172). Short-chain fatty acids
(butyrate, acetate, and propionate) have very recently been shown to be upregulated
after FMT for rCDI in humans (425). Interestingly, one publication illustrates a
paradoxical increase in levels of SCFAs in rCDI compared to after FMT transplant in 10
patients (426). Some bacteria are known to produce bacteriocins that are inhibitory to
C. difficile growth. An example of this is thuricin CD, a post-translationally modified
bacteriocin produced by Bacillus thuringiensis (427). A combination of mechanisms is
assumed to underlie colonisation resistance; a notion supported by the data in this

study.

Functional analysis illustrated a large percentage of proteins were involved in
carbohydrate metabolism (Fig 4.6.8). This was true for all stages of each gut model.
Previous human metaproteome work has shown that proteins involved in carbohydrate
metabolism are isolated in greater abundance than would be expected from
corresponding metagenomics data (366). In addition, another study presented
concordant data highlighting a stable set of ~1000 peptides in faecal samples collected
from three human individuals over a 12 month period (428). A stable ‘core’ accounting
for ~10 % of peptides was associated with carbohydrate metabolism/degradation was
present, supportive of the functional data presented in the current study. On the other
hand, it is plausible that bacterial resuspension in a minimal media containing only
glucose as an energy source created an artificial environment that altered bacterial

metabolism. In contrast to metagenomics work suggesting an increased abundance of
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genes involved in particular metabolic pathways, the current study suggests the overall

functional processes of the microbiome remain undisturbed by antibiotics (429).

There are limitations in this study that could be addressed in future work. Initially, this
study sought to characterise the secreted proteins from gut model bacterial
populations. Cell disruption due to repeated centrifugation and resuspension in
processing is a limitation, but centrifugation cannot be avoided. A methodology that
removes proteinaceous media, allows continued bacterial metabolism whilst also
facilitating supernatant isolation and concentration is impracticable. Bead-beating,
freeze-thawing and cell lysis are routinely used to characterise the metaproteome in
bacteria, including spores (430-432). Bead-beading facilitates the mechanical
disruption and fragmentation of the bacterial cell wall, allowing the release of the
cytosolic contents. If bead-beating had been utilised in the current study, a larger
number of proteins could have been identified. However, it is probable that the
increased kinetic energy inherent in bead-beating protocols could lead to extensive cell
wall fragmentation. Cell wall proteins do not reflect the metabolic activity of a cell and

could distort results without extensive filtering in analysis.

The UniProtkKB/SwissProt database was used to generate the tryptic peptide list
necessary for taxonomic analysis. In the original methodology of Tanca et al, the much
larger UniProtKBArfEMBL database was utilised (413). UniProtKB/trEMBL has ~200X
the number of sequences present in UniProtKB/SwissProt (433). This difference is
accounted for by the fact UniProtKB/SwissProt is manually annotated, focuses on
protein annotation from ‘model organisms’ and is non-redundant. Non-redundancy in
this sense is defined by one record accounting for all protein sequences produced from
one gene in one species (434). This is in contrast to UniProtKB/trEMBL where different
protein isoforms are stored in different entries despite being produced by the same

gene in the same species (433). The higher quality of UniProtKB/SwissProt makes it
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suitable for functional analysis. Despite being of lower quality, UniProtKB/trEMBL

would have generated a much larger and more representative tryptic peptide list.

The use of such a large database in MaxQuant (~10 gb) was impracticable in the
current study due to vast running times and lack of computational power. Multiple
processing nodes (a computer cluster) would be necessary and large databases still
pose problems with controlling the FDR (390, 435). Additionally, although the LCA
approach devised in UniPept is robust, peptides can be largely conserved between
different species. This creates many peptides that cannot be discriminated below the
bacteria superkingdom as illustrated in Fig 4.6.8. Metaproteomes may appear to be
similar (for instance in model E; CDI and post- multiple spore prep samples), but this
could be purely due to a lack of taxonomic discrimination below the phylum level.
Despite these limitations, the taxonomic analysis presented in this study is likely to be
representative in proportion to the true populations. Variations in taxonomic assignment
between samples correlated well with the culture data. The problems outlined are

inherent in gut metaproteomic studies.

In summary, this chapter presents the optimisation and deployment of a novel
methodology for evaluating the metaproteome of the gut microbiota communities within
an in vitro model of C. difficile infection. Studying the active metabolic components of
bacterial populations circumvents some of the limitations inherent in culture-based and
metagenomics-based approaches. Although additional biological replicates would have
been beneficial, this work highlights the complex nature of colonisation resistance and
suggests a holistic approach to preventing rCDI should be considered rather than
focussing on the relevance of any single species. Antibiotic instillation did not
substantially alter the overall metabolic profile of the microbiome. Vancomycin
treatment substantially increased the metaproteomic representation of Proteobacteria,

underlying the paradoxical notion of treating CDI with antibiotics. As well as highlighting
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relevant findings, this methodology provides a springboard that can be built upon in

future experiments.
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Chapter 5 - Conclusions
rCDI is still a major problem for health systems, with up to 35 % of patients suffering at
least one recurrence after an initial episode (65, 208, 436). Patients suffering from rCDI
are at increased risk of developing further recurrences, potentially leading to a cycle of
intractable recurrent disease. This thesis employs a multidimensional approach to
studying the factors important in rCDI. Firstly, statistical methods are employed to
assess the effect of treatment delay on risk of recurrence in a clinical data set produced
from a previous study. This could inform future clinical practice in CDI. Secondly, the
optimal germination conditions for C. difficile are investigated to elucidate the
conditions necessary in the host. The effects of heat on C. difficile spores were also
studied, as food is a potential reservoir of C. difficile spores necessary for rCDI. Finally,
a novel metaproteomic approach was utilised in a previously validated in vitro gut

model to study the overarching metabolic processes inherent during simulated CDI.

In Chapter 2, a statistical analysis was carried out to assess the effect of treatment
delay on C. difficile recurrence and symptom duration. Previously it has been shown
that delays in treatment initiation exist due to obtaining and processing faecal samples
(233). Symptom duration had no correlation with any of the variables inputted into the
analysis, including time to treatment. Unsurprisingly, recurrence was significantly
associated with previous CDI. To the author's knowledge this is the first-time treatment
delay has been assessed in relation to rCDI. These data suggest that in mild CDI,
clinicians need not be overly concerned if delays in initiating treatment occur; there was
no significant correlation between treatment delay and either of the two outcome

variables (recurrence and symptom duration).

In a large proportion of cases diarrhoea was found to have resolved by the time that
treatment was initiated. It could be the case that the inclusion criteria in this study were
too liberal, identifying transient episodes of diarrhoea before a positive diagnostic

sample for CDI was obtained. These transient episodes are unlikely to be CDI, but
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rather due to comorbidities commonly experienced by patients in the older population.
In contrast to the findings of other studies, no difference in recurrence rates were
observed between different treatment arms. In line with earlier data, ribotype
distribution was varied with no ribotype accounting for a majority of infections (25). The
original study was not powered for the analysis carried out in this thesis which weakens
the reliability of any conclusions. More detailed data collection on concomitant
antibiotics and Charlson scores would be beneficial and increase the reliability of the
results. Larger studies need to be carried out with greater patient numbers and
comprehensive data collection to confirm these findings. These results highlight the
complex aetiology of disease with patient, environmental and microbial factors
contributing. Reducing delays in treatment initiation is unlikely to significantly decrease
recurrence rates, but the limitations of this study should be considered; if patients with
‘transient’ diarrhoea were not included in any future it could affect the risk of

recurrence.

In Chapter 3A, the conditions necessary for spore germination were investigated. rCDI
can be due to germination of persistent spores in the gastrointestinal tract (relapse) or
by ingestion of spores from the environment (reinfection). This chapter sought to
investigate the conditions necessary for optimal germination of C. difficile spores in
vitro, gaining an insight into those necessary in the host and also informing future
practice in C. difficile experimentation. C. difficile spores were also left for an extended
period of time in a desiccator to simulate environmental ageing. Superdormant spores
obtained from the hospital environment may exhibit altered germination characteristics,
potentially increasing or decreasing the risk of rCDI. Ingested superdormant spores
may increase the risk of both recrudescent and relapsing disease. In recrudescent
disease, superdormant spores exhibit an increased rate of germination, producing a
rapidly proliferative population. Theoretically spore numbers increase, and spores are
able to adhere to the colonic epithelium (78), increasing the risk of subsequent

outgrowth and recurrent disease. In the case of relapsing disease, the increased levels
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of spore numbers will lead to increased environmental decontamination and an

increased risk of reingestion.

This study highlights the comparability of CCEY to supplemented BHI in the recovery of
C. difficile spores. Although a number of media have been previously compared (277,
281), supplemented BHI is routinely used in C. difficile germination experiments (62,
261, 272, 282). CCEY has the added advantage of inhibiting other bacterial species. In
addition, for the first time the inhibitory nature of high concentrations of three amino
acids on C. difficile spore germination is shown. The high concentrations used in this
study are unlikely to be achievable in the human gastrointestinal tract. However, the
paradoxical inhibition of spore germination at high concentrations of glycine, a
stimulatory ‘co-germinant’ at lower concentrations is of scientific interest. Further
investigation beyond the current thesis may yield novel insights into the germination
machinery in C. difficile spores. Further work should assess the nature of the inhibition
described in this study, using a wider variety of amino acids. Molecular characterisation
of the inhibition will allow the development of targeted therapeutics that can arrest the

growth of planktonic C. difficile.

After incubation in a homemade desiccator for 6 months, increased germination
efficiency in broths was observed in all four RTs used. C. difficile spores present in a
hospital environment due for a prolonged period of time due to poor decontamination
methods may exhibit a similar alteration in germination characteristics. As suggested
previously, an increased germination propensity could result in an increased ability to
proliferate in the gastrointestinal tract if ingested. Further work utilising a wider array of
strains, time points and conditions would be beneficial in testing this hypothesis.
Environmentally ageing spores and subsequent observation of behaviour in the
presence of germinants and colonic human cell lines could be an avenue of exploration
in the future. Although altered germination characteristics after ambient storage have
been observed previously, the current study attempted to accelerate this process. A

wider range of recovery media (solid and liquid) were utilised, thereby eliminating the
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need for lysozyme. Lysozyme has only shown efficacy in inducing cell outgrowth when

small numbers of environmental spores were encountered (275).

In Chapter 3B, the effects of wet heat on C. difficile spore recovery and germination are
documented. The direct effect of continuous heat (up to 60 minutes) on spore recovery
was examined. ‘Heat activation’ has been discussed in the literature, with some
research failing to find such an effect in C. difficile spores (121, 253, 316, 325). The
current study documents the transient and persisting effects of heat on the germination
of C. difficile spores. C. difficile spores have been found in a range of foods, sub-lethal
heat treatment may lead to their persistence in food (123, 126, 320, 321). Spores
exhibiting increased germination efficiency in response to heat may germinate more
efficiently in the gastrointestinal tract, leading to an increased risk of clinical disease,
contributing to rCDI. In recrudescent disease, the increased spore load produced by a
more rapidly proliferative population will increase the adherence of spores to the

colonic epithelium, increasing the risk of recurrent disease.

RT 027 and RT 078 demonstrated increased resistance to heat at higher temperatures
(70/80° C). If foodborne C. difficile spores are heated at high temperatures, RT 027 and
RT 078 spores may be more likely to survive. If food is indeed a significant reservoir for
C. difficile spores, differences in thermal resistance between clades could allow some
RTs to survive and proliferate, hence allowing a greater propensity to cause rCDI. In
particular, RT 078 was able to germinate more efficiently at lower concentrations of
germinants. In an otherwise healthy individual, RT 078 C. difficile spores could be
ingested in food. After ingestion, the lower germinant requirements allow the rapid
germination and outgrowth of RT 078 spores. The high spore number facilitates
adherence to the colonic epithelium. After successful antimicrobial treatment, spores
are able to persist in the gastrointestinal tract and increase the risk of recurrent

infection.

Heating for 10 minutes before broth incubation allowed the effect of heat on

germination at various time points to be assessed. Previously heat has been
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hypothesised to ‘activate’ spores and increase germination (253, 301, 324, 325). In the
current study heat did not significantly increase the initial rate of germination but did
produce a larger proliferative vegetative population at 24 hours. C. difficile spores may
resist the deleterious effects of initial heat treatment and subsequently produce a larger
bacterial population. Germination rates were also found to be increased in some of the
strains in ‘old’ spores compared to newly produced spores. The mechanisms behind
this phenomenon are not clear and require elaboration. These findings reinforce the
idea that C. difficile spores aged in the environment may exhibit altered germination
characteristics when reingested. Increased proliferation in the gastrointestinal tract may
produce increased levels of spores, increasing epithelial adherence in the gut and
enabling subsequent recurrent infection. Further work should utilise a wider range of
strains. The clinical effects of differences in germination between spores of different

ages could be observed in the simulated gut model utilised in this thesis.

In Chapter 4A, a methodology was devised to separate and concentrate secreted
proteins from bacterial populations in an in vitro gut model. Proteins were successfully
concentrated and validated; the majority of proteins were cytosolic, indicating spillage
of cystolic bacterial cell contents into the solution during processing. The author still
believes this to be a useful methodology as bead-beating would have led to a higher
number of cell wall protein identifications in addition to those identified in this study.
These cell wall proteins would not be reflective of the cytoplasmic proteins important in
cell metabolism. This is the first time a metaproteomic approach has been adopted in
the in vitro gut model described (91, 92, 153). In future work, the effect on peptide
identification of protocols involving bead-beating and/or cell lysis should be compared
to the methodology presented here. This was not achievable within the current thesis
due to the high costs associated with mass spectrometry, decreased costs may allow
this in future. The methodology described was taken forward to investigate the
overarching metabolic processes and taxonomic shifts in different stages of simulated

rCDI.
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In Chapter 4B, the devised methodology was used to assess the effect of antibiotic
therapy, FMT and unknown spore prep on the taxonomy and functionality of the
microbiome in simulated infection. Interestingly, even at the zero-time point variations
in phyla abundance were noted. However, some common trends were observed. The
relative abundance of Proteobacteria phyla organisms increased in response to both
clindamycin and vancomycin. The metabolic processes occurring remained relatively
constant across all time points. During CDI, levels of Firmicutes and Bacteroidetes
phyla organisms increased. As suggested in Chapter 2, it could be possible that
vancomycin treatment is actually precipitating recurrence by producing a more severe
and prolonged dysbiosis. This is strengthened by the fact that both FMT and the
unknown spore prep prevented recurrence. Although different in composition, both
FMT and the multiple spore prep increased the levels of Firmicutes and/or

Bacteroidetes phyla organisms.

The culture data were largely complementary to the metaproteomics data. In particular,
antibiotic treatment was associated with reductions in the numbers of Clostridia and
Bacilli. An increase in the number of lactose-fermenting Enterobacteriaceae was
observed. In contrast, the FMT treatment was found to increase levels of B. fragilis,
which has previously been found to prevent CDI in a mice model (437). The unknown
spore preparation produced increased levels of both Clostridia and Bacteroides
organisms. C. scindens has been extensively associated with a reduced risk of
infection (170, 438). The divergent nature of the alterations produced by the FMT and
spore preparation highlight the multifactorial nature of colonisation resistance. Further
work should consider the microbiome of the gastrointestinal tract as a functional unit,
rather than a taxonomic unit. This study provides the first step in utilising such an

approach in a previously validated in vitro gut model.

In summary, this thesis approaches the problem of rCDI with a multidimensional
approach. In all three approaches the complex interplay between different factors in the

onset of recurrent disease is highlighted. In Chapter 2, host factors and approaches to
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treatment are investigated. The findings of this chapter should encourage larger
analyses to assess the effect of treatment delay on recurrence risk. In Chapter 3, C.
difficile spores and factors involved in their germination are examined. Food as a
potential reservoir for C. difficile should be taken seriously; the stimulatory effects of
heat in aged spores should try to be recreated in other media including food. In
Chapter 4, the functionality of the microbiome in different stages of simulated infection
is investigated. The metaproteomic approach utilised in this thesis can be used in

future gut models.
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Appendix A

A.l Research Study Protocol - Substudy

Short Title: Does treatment delay affect symptom duration in CDI?

Full Title: Does delay in treatment initiation have an effect on duration of

diarrhoea or future recurrence risk in Clostridium difficile infection (CDI)?
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Study summary:

Introduction: Clostridium difficile infection (CDI) is treated with three antibiotics;
metronidazole, vancomycin or fidaxomicin. The most commonly reported symptom in
CDl is diarrhoea (=3 unformed stools/ day). Delays in treatment initiation can occur for
a number of reasons. In mild cases of CDI, delays in diagnostic testing can lead to a
delay in the patient receiving treatment. Although a small number of studies have been
carried out assessing the reasons for treatment delay, no studies to date have
assessed the impact of treatment delay on the duration of symptoms in patients, or the
risk of future recurrence. This study aims to investigate the effect of treatment delay on

two outcomes; symptom duration and disease recurrence.

Methods: This is a retrospective, non-interventional study performing analyses on data
already collected as part of a previously ethically approved study (REC reference
number 14/NW/1398, Clinicaltrials.gov identifier NCT02461901). The primary endpoint
is the duration of symptoms, measured in days previous to treatment. The secondary
endpoints are mortality (up to 30 days following treatment initiation) and recurrence of
infection (up to 28 days after treatment completion). Using the database, Kaplan-Meier
log-rank tests will be performed and a Cox regression model using the following
variables will be analysed; patient age; sex, duration of symptoms prior to treatment
initiation, disease severity score, modified comorbidity score and antimicrobial agents
used for therapy. The database will be anonymised to the principal investigator by

removal of patient identifiable information.
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Introduction:

Clostridium difficile is a pathogen that causes potentially life-threatening diarrhoea. CDI
can result in pseudomembranous colitis and subsequent toxic megacolon, a surgical
emergency that carries a high risk of mortality (10). Varying morality rates have been
reported for toxic megacolon (38-80%)(10). C. difficile is still a major burden on the
healthcare system, there were 12,480 cases reported in the UK between April 2016
and March 2017(24). In addition, a significant proportion of patients (~25%)(55) who
are successfully treated for an initial episode of CDI will have at least one recurrent
episode. A small number of patients will suffer from multiple recurrences, leading to

increased hospitalisation and antibiotic administration.

The clinical symptoms of CDI are mediated through the action of secreted bacterial
toxins (43). Toxins act on the mucosal epithelium of the gastrointestinal tract causing
oedema, inflammation and diarrhoea, and in severe cases, colonic perforation and
death (42). Severe dehydration can also lead to hypokalaemia, hypotension and
metabolic acidosis. We hypothesise that treating CDI at an earlier stage of infection

could reduce the duration of symptoms, decrease mortality and the risk of recurrence.

Several studies have attempted to outline the reasons for delay in treating patients with
CDI, but none have looked at the impact this delay might have on patient outcomes
(137, 232, 233).

The primary aim of this study is to investigate the effect of treatment delay on duration
of diarrhoea. The secondary aims are to investigate its impact on recurrence of disease

and mortality.
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Hypotheses:

o Delayed treatment initiation results in an increased time to resolution of
diarrhoea in CDI.

o Delayed treatment initiation in CDI results in an increased risk of future
recurrent disease.

Study aim and objectives:

Aims:

o To determine the effect of treatment delay on symptom duration and recurrence

rates in CDI.

Objectives:

e To evaluate how time to treatment (in days) impacts on the duration of
diarrhoea in patients with CDI.
e To evaluate how time to treatment (in days) impacts on the future risk of

recurrence in patients with CDI.

Study end points:

Primary endpoint:

e The duration of symptoms, measured as the time from initiation of therapy to
resolution of diarrhoea. Resolution of diarrhea was defined as <3 stools per day
(Bristol stool chart T5-T7).

Secondary endpoints:

e Mortality (all cause, within the period from initiation of therapy to 30 days
following therapy).
e Recurrence of CDI, up to day 28 after completion of treatment (defined as

recurrence of diarrhoea with further toxin positive stool sample).
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Study design:

A retrospective, observational, non-interventional study.

Study locations:

. Data from the original study (REC reference number 14/NW/1398, Clinicaltrials.gov
identifier NCT02461901) was generated from the following centres;

Three UK teaching hospital centres:

e Leeds Teaching Hospitals NHS Trust (LTHT)
e Bradford Royal Infirmary
e St George’s Healthcare NHS Trust (SGHT)

The analysis of this data for the current study will be carried out at the University of

Leeds.

Ethics:

This study will use patient data already generated from a previous study;REC
reference number 14/NW/1398, Clinicaltrials.gov identifier NCT02461901. The original
database is pseudonymised, using patient study identifiers, and is under the custody of
the project coordinator (Mrs Kerrie Davies). All patient identifiable information will be
removed from the dataset, by Kerrie Davies, before supply for this current study.
Therefore the dataset for this study will be fully anonymised to the principal
investigator. Due to the retrospective nature of this study, no additional patient
recruitment is necessary and no additional patient data will be collected.
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Patient identification, inclusion and exclusion criteria:

Identification of participants:

The nature of this study means that no new patient recruitment is necessary; the study
data have already been generated from the previous study (n = 254).

(The recruitment process of the original study NCT02461901 was;

Research nurses at each centre used the microbiology laboratory information system
to identify positive C. difficile toxin results (tested by cell cytotoxin assay) in routine

stool samples from in-patients at their hospital(s) who were aged = 18 years old.)

Inclusion criteria:

All participants with a full set of relevant study data from the original study will be
included (NCT02461901).

(The inclusion criteria for the original study (NCT02461901) are outlined below;

e The presence of diarrhoea, defined as three or more episodes of unformed
stools (Bristol stool type 5-7) in 24 hours at any point in the last 7 days
e Prescribed CDI-specific treatment (fidaxomicin, oral vancomycin or

metronidazole))

Exclusion criteria:

Nil — there are no exclusion criteria for this study.

(Exclusion criteria for the original study (NCT02461901) were as follows;

e The patient’s clinical care team believes it would be inappropriate to include him or

her, e.g. to avoid disturbing a terminally ill patient

¢ In a patient on vancomycin or metronidazole, treatment with fidaxomicin within the
previous 3 months (given evidence that fidaxomicin may persist in the gut after
treatment (248)

¢ In a patient on fidaxomicin, treatment with greater than 24 hours of metronidazole

or vancomycin immediately prior to starting fidaxomicin
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¢ In the skin swab and faecal sample sub-study, patients unable/unwilling to give
informed consent and with no opportunity to obtain consultee approval

In the skin swab and faecal sample sub-study, patients who are non-English
speakers (unless a member of hospital staff is available to act as a translator)

Patient recruitment and consent:

Details of the patient recruitment in the original study can be found in the adjoined
protocol for the original study NCT0246190 (Appendix A).

No additional recruitment or consent is planned for the present study, which is justified
in the following section. At the time of recruitment, patients did not consent for their
data to be used within the remits of the current study. As it would not be practicable for
retrospective consent to be taken for the purposes of the current study, and the
Declaration of Helsinki (statement 32) states that ethical approval may be considered in
"exceptional situations where consent would be impossible or impracticable to obtain
for such research”, we hope to be able to undertake this additional analysis without
additional consent. Additionally, this study does not require the generation of any new
data and poses no significant risk of harm to patients who were part of the original

study.

Patient withdrawal from the study:

All patient data generated from the original study will be included in answering the

central research questions in this study. Patients will therefore be unable to withdraw.

In the original study (NCT02461901) for patients who withdrew for any reason, data
collected up to the point of withdrawal was included in the final analysis.If an enrolled
patient was switched from either metronidazole or vancomycinto fidaxomicin, after
receiving more than 24 hours of either metronidazole or vancomycin he/she was
withdrawn from the study, but data collected to that point was be included in the
analysis. Enrolled patients who received any fidaxomicin before being switched to
metronidazole or vancomycin, were excluded. Patients who were switched between
metronidazole and vancomycin, or simultaneous prescribed both agents, remained in

the study.

Sample size calculation:

The sample size is opportunistic, based on the number of patients recruited to the

original study NCT0246190. A post-hoc analysis will be undertaken to determine the
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statistical power of the estimates. It is not possible to interrogate the data before ethical
approval is obtained, but a guide to the power for statistical analysis is guided by the
following consideration. The patients might be split by delay into two groups: those
treated within 3 days and those with a delay of more than 3 days. We anticipate
around 76 patient (30%) in the first group and 178 in the second. The duration of
symptoms will have a skewed distribution which might be transformed to normality
(perhaps a log transformation). In that case the sample size of 76 + 178 provides 80%
power to detect a standardised difference of 0.386 and 90% power a difference of
0.446. The power will be reduced a little by adjustment for confounders but increase
by the use of survival analysis which can take the treatment delay to be a continuous
variable. Overall therefore we anticipate that this study should have sufficient power to

provide robust clinical findings for appropriate effect sizes.

Study duration:

The study will be carried out over the remaining duration of the principal investigator’s
Doctor of Philosophy degree (1/12/2017 - 01/10/2019).

Data collection:

No additional data collection will be carried out in this study. Statistical analysis will be
carried out on an already existing database from a previous ethically approved study
NCT02461901. The original database is pseudonymised, using patient study
identifiers, and is under the custody of the project coordinator (Mrs Kerrie Davies). All
patient identifiable information has been removed from the dataset, by Kerrie Davies,
before supply for this current study. The principal investigator does not have access to
the link-back information tying a patient to their study identifier. The data will therefore

be anonymised to the principal investigator.

Data storage and transfer:

Patient confidentiality will be preserved throughout the study; the database from the
original study will be anonymised to the principal investigator. There will be no way for
the principal investigator to access any patient information in the original database. The
anonymised database will be kept on a secure password protected server at the
University of Leeds. Data will be transferred to the statistician for analysis on an

encrypted USB memory stick.
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Data generated for the present study will be stored for the remaining duration of the
principal investigator’'s Doctor of Philosophy degree (1/10/2019). After this date data
will no longer be available to the principal investigator.

Statistical analysis:

A survival analysis will be used to measure the effect of duration of symptoms prior to
initiation of therapy (days) on duration of symptoms, mortality and relapse. Analyses to
be included are Kaplan-Meier with log-rank tests and either a Cox regression model
(should a proportional hazards assumption be valid) or an accelerated time model. The
following potentially confounding variables will be included in the model; age, sex, CDI
severity score, comorbidity score, treatment arm (vancomycin/metronidazole or

fidaxomicin) and site.

Project Management:

Mr Daniel Pickering will be the Principal investigator for the study. Throughout this study
he will be under the supervision of Professor Mark Wilcox, Mrs Kerrie Davies and Dr
Jonathan Sandoe, all of whom have previously been involved in managing numerous,

large national and international research studies.

Reporting/Publication:

The study results will be submitted for publication as oral or poster presentations at
international conferences of microbiology/infectious diseases and then in peer

reviewed scientific journals.

Finance:

The project is being funded by the University of Leeds as part of a PhD degree.
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The original study was funded by Astellas Pharma Europe Ltd; permission has been
granted for the data to be used for the purposes of the current study.
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A.2 Research Study Protocol — Original Study

Short Title: Does fidaxomicin therapy reduce spread of Clostridium difficile?

Full Title: Does using fidaxomicinto treat Clostridium difficile infection (CDI)
reduce the recovery of C. difficile from patients’ faeces, skin and their immediate

environment, compared to treatment with vancomycin or metronidazole?

Version 10.4, 26/09/2017
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Study Personnel:

Chief Investigator (and Principle Investigator at Leeds Teaching Hospitals NHS
Trust)

Professor Mark Wilcox

Consultant/Clinical Lead for Microbiology (Leeds Teaching Hospitals NHS Trust)
Professor of Medical Microbiology (University of Leeds)

Lead on C. difficile infection (Public Health England)

Department of Microbiology

Old Medical School

Thoresby Place

Leeds, LS1 3EX

Tel: 0113 3926818

E-mail: mark.wilcox@nhs.net

Principle Investigator (St George’s Healthcare NHS Trust):

Dr Timothy Planche
Senior Lecturer and Honorary Consultant/Clinical Lead for Medical Microbiology
Department of Microbiology

St George’s Healthcare NHS Trust
Blackshaw Road

Tooting

London, SW17 0QT

Tel: 020 8725 2683
E-mail: tplanche@sgul.ac.uk
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Principle Investigator (Bradford Teaching Hospitals NHS Foundation Trust):

Dr Phil Stanley

Consultant in Infectious Diseases, Director of Infection Prevention and Control
Bradford Royal Infirmary,

Duckworth Lane,

Bradford, BD9 6RJ

Tel: 01274 364049

E-mail: philip.stanley@bthft.nhs.uk

Principle Investigator (Guy’s and St Thomas’ NHS Foundation Trust):

Dr Simon Goldenberg

Consultant Medical Microbiologist

Honorary Senior Lecturer (King’s College London)
St Thomas’ Hospital

Westminster Bridge Road

London, SE1 7EH

Tel: 020 7188 3152
Email: simon.goldenberg@gstt.nhs.uk
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Co-investigator (Leeds Teaching Hospitals NHS Trust):

Dr Jonathan Sandoe

Consultant Medical Microbiologist

Associate Professor of Medical Microbiology (University of Leeds)
Department of Microbiology

Old Medical School

Thoresby Place

Leeds, LS1 3EX

Tel: 0113 3922893

E-mail: jonathan.sandoe@nhs.net

Study Co-ordinator (until 31/08/2016):

Dr Damian Mawer

Research Fellow

Department of Microbiology
Old Medical School
Thoresby Place

Leeds, LS1 3EX

Tel: 0113 3926818

E-mail: damian.mawer@nhs.net
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Study Co-ordinator (from 01/09/2016):

Mrs Kerrie Davies

Clinical Scientist

Visiting Research Fellow (University of Leeds)
Department of Microbiology

Old Medical School

Thoresby Place

Leeds, LS1 3EX

Tel: 0113 3928663

E-mail: kerrie.davies@nhs.net

Statisticians:

Dr Sarah Walker

Oxford Biomedical Research Centre
Microbiology, Level 6

John Radcliffe Hospital

Headley Way

Oxford, OX3 9DU

Tel: 01865 851180

Email: sarah.walker@ndm.ox.ac.uk
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Study summary:

Introduction: Current infection control measures for Clostridium difficile infection (CDI)
focus on the isolation of symptomatic patients, along with environmental
decontamination, to prevent secondary cases through the ingestion of spores by
vulnerable individuals. Despite these efforts, onward transmission is still seen. Clinical
and in vitro studies have shown that fidaxomicin produces a greater and more
prolonged reduction in C. difficile spore counts, in the faeces of patients with CDI, than
vancomycin. This study aims to investigate whether there is also a difference in
contamination of the surrounding environment and on the skin of CDI patients treated
with fidaxomicin compared to vancomycin or metronidazole, as this could influence the

risk of onward transmission.

Methods: This is a prospective, observational study to be carried out in two teaching
hospital NHS trusts. The co-primary endpoints are the presence of environmental and
skin contamination with C. difficile spores during and following treatment for CDI.
Secondary endpoints are C. difficile spore counts in patient faeces and absolute spore
counts from skin swabs. As no consent is required for environmental screening, all
hospital patients with CDI (aged 216) during the study period will have swabs of their
environment taken following diagnosis, every 2-3 days during treatment, at the end of
treatment and on days 7, 14 and 28 post treatment. To achieve appropriate statistical
power, informed consent (or consultee approval in those lacking capacity) needs to be
obtained from 100 hospital patients with CDI (comprising 40 receiving fidaxomicin and
60 receiving vancomycin or metronidazole) for skin swab and faecal sampling across
the two study centres. Skin swabbing will take place at the same time as environmental
sampling; stool samples will be collected as close as possible to these dates. All
sampling will cease early if the patient is discharged. Data on relevant demographic
factors, comorbidities and clinical markers of severe CDI will be collected from medical

records.

The flow-diagram in Appendix 1 further outlines the study method.
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Introduction:

Clostridium difficile is a spore forming Gram positive bacillus. Its spores are resistant to
many disinfectants and can survive for prolonged periods in the environment 2. It is
estimated that patients with C. difficile infection (CDI) excrete between 1x10* and 1x10’
of C. difficile per gram of faeces 2. Numerous studies have shown that the environment
around CDI cases is frequently contaminated with spores 3%, in part due to
aerosolisation of the organism during each episode of diarrhoea 8. This contamination
may be sustained by the fact that patients often continue to shed spores for a
considerable time, even after their symptoms have resolved ’. It is contact with these
spores in the environment that is the likely source for secondary cases of CDI in
hospital settings 8. For these reasons, prompt isolation of symptomatic cases and
adequate environmental decontamination are two central recommendations for

preventing onward transmission of C. difficile %1°,

In 2011/12, the American and European regulatory authorities approved the use of a
novel macrocyclic antibiotic, fidaxomicin, for the treatment of CDI %12, This followed the
publication of two large, phase 3 clinical trials, which showed that fidaxomicin was non-
inferior to vancomycin in the initial clinical cure of CDI 34, Of note, there were
significantly fewer recurrences among patients receiving fidaxomicin (26% for
vancomycin vs 14% for fidaxomicin). This is an important finding as treatment with
metronidazole or vancomycin is associated with a recurrence rate of approximately
20% *°.

The mechanism by which fidaxomicin prevents recurrences of CDI is unclear, but could
be related to one or more of the following. In vitro, fidaxomicin has been shown to
inhibit the outgrowth of C. difficile spores, possibly due to its ability to adhere to the
spore coat . In an artificial gut model of CDI, fidaxomicin achieved an intraluminal
concentration that was well above the minimum inhibitory concentration for C. difficile
and these levels were sustained for at least three weeks after it is instilled, perhaps due
to sequestration within biofilms 2. In a Phase Il clinical study, fidaxomicin treated
patients had a significantly lower mean spore count at day 11-18 post treatment,
compared to those who had received vancomycin (3.1 logio CFU/g of faeces versus
5.4 logio CFU/g, respectively) 7. This study also showed that the drug is relatively

sparing of other gut microflora .
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Given that fidaxomicin reduces spore counts in the faeces of treated patients and
inhibits spore outgrowth, it can be postulated that there may be less contamination with
C. difficile on the skin of patients and in the surrounding environment, both during
treatment and in the period immediately afterwards, when patients often continue to
shed spores. If it is the case, treatment with fidaxomicin may help reduce onward
transmission of C. difficile to other patients.

Hypotheses:

1. Treatment of CDI with fidaxomicin results in lower rates of recovery of C.
difficile from patient’s faeces, skin and the immediate environment, compared to

treatment with either vancomycin or metronidazole.

Study aim and objectives:

o To determine if there is a difference in C. difficile shedding and contamination of
the skin and immediate environment, between CDI patients treated with

fidaxomicin and those treated with either vancomycin or metronidazole.

Objectives:

e To measure rates of contamination with C .difficile spores in the immediate
environment around CDI patients, both during and after treatment with
fidaxomicin, vancomycin or metronidazole.

e To measure rates and absolute levels of contamination with C. difficile spores
on the skin of CDI patients both during and after treatment with fidaxomicin,
vancomycin or metronidazole.

e To measure the concentration of C. difficile spores in the faeces of CDI patients
both during and after treatment with fidaxomicin, vancomycin or metronidazole

¢ To measure the concentration of fidaxomicin, vancomycin and metronidazole in
faecal samples during and after treatment

e For all of these parameters, to investigate how they change with time during

and after CDI treatment



253

Study end points:

Co-Primary endpoints:

e The presence of environmental contamination with C. difficile spores during and
following treatment with fidaxomicin, vancomycin or metronidazole.
e The presence of skin contamination with C. difficile spores during and following

treatment with fidaxomicin, vancomycin or metronidazole.

Secondary endpoints:

e C.difficile spore counts in the faeces of CDI patients before, during and after
treatment with fidaxomicin, vancomycin or metronidazole.
e Total C. difficile spore counts from skin swab samples during and following

treatment with fidaxomicin, vancomycin or metronidazole.

Study design:

A prospective, observational study.

Study locations:

Two UK teaching hospital centres:

e Leeds Teaching Hospitals NHS Trust (LTHT)
e St George’s Healthcare NHS Trust (SGHT)

Study blinding:

Laboratory staff will be blinded to the CDI-specific drug treatment that each patient is

on.
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Patient identification, inclusion and exclusion criteria:

Identification of potential subjects:

Research nurses at each centre will use the microbiology laboratory information
system to identify positive C. difficile toxin results (tested by cell cytotoxin assay) in

routine stool samples from in-patients at their hospital(s) who are aged = 18 years old.

Inclusion criteria:

Study staff will then confirm (using medical records) if the patient meets the criteria for

inclusion in the study. These are:

e The presence of diarrhoea, defined as three or more episodes of unformed
stools (Bristol stool type 5-7) in 24 hours at any point in the last 7 days

e Prescribed CDI-specific treatment (fidaxomicin, oral vancomycin or
metronidazole)

Exclusion criteria:

e The patient’s clinical care team believes it would be inappropriate to include him or

her, e.g. to avoid disturbing a terminally ill patient

¢ In a patient on vancomycin or metronidazole, treatment with fidaxomicin within the
previous 3 months (given evidence that fidaxomicin may persist in the gut after

treatment 16)

¢ In a patient on fidaxomicin, treatment with greater than 24 hours of metronidazole

or vancomycin immediately prior to starting fidaxomicin

¢ In the skin swab and faecal sample sub-study, patients unable/unwilling to give

informed consent and with no opportunity to obtain consultee approval

¢ In the skin swab and faecal sample sub-study, patients who are non-English

speakers (unless a member of hospital staff is available to act as a translator)

Patient recruitment and consent;:

In keeping with other environmental studies informed consent will not be obtained for
sampling of the hospital environment around treated-CDI cases and the collection of a
limited amount of associated patient information 8. All patients who meet the inclusion

criteria will therefore be included in this aspect of the study. Patient-identifiable records
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will only be accessed by a member of the patient’s care team (a research nurse or
doctor working for the Microbiology department, which provide diagnostic services). In
addition data will be anonymised before analysis and the study will have no influence
on patient care.

Skin swabbing and additional stool sampling represent interventions not usually
performed on CDI cases. Informed consent will therefore be sought from all CDI
patients for these interventions and the collection of related patient-identifiable data.
Each patient who meets the inclusion criteria will be approached by a research nurse
or doctor within 24 hours of the diagnosis (extending up to 72 hours if the diagnosis is
made at the weekend). During the initial visit, the research nurse or doctor will explain
of all aspects of the study, including the consent process, and provide a patient
information leaflet (PIL). The PIL will also describe the study, what the patient is being
asked to provide consent for, and how he/she can communicate again with the study
team. The information provided about the study will include its aims, methods, funding,
anticipated benefits, withdrawing from the study and the potential negative
conseguences of involvement (e.g. inconvenience of having stool and skin swab
sampling). It will be made clear that the study will not influence care and that
environmental swabbing will not require consent. Non-English speaking patients will be

included only if a member of staff is available to act as a translator.

The first set of environmental swabs will also be taken during the initial visit.

Patients will not be asked to give consent at the first visit. Unless they have declined to
be involved the research nurse or doctor will return, at the earliest the following day, to
answer any questions that the patient has and to obtain their consent, if given. Patients
will still be included if they consent to either skin swabbing or faecal sample collection,

but not both.

The research nurses and doctor will be trained in Good Clinical Practice and the
assessment of mental capacity In line with the Mental Capacity Act (2005) all patients
will be assumed to have capacity to consent for the study, unless there is evidence that
they do not. Assessment of capacity will be done primarily by direct discussion with the
patient. If needed, the research doctor or nurse will also discuss the issue with the

clinical team and review the medical notes for relevant factors.
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Inclusion of Incapacitated Adults:

Advanced age is a well-recognised risk factor for CDI, which therefore
disproportionately affects the elderly, particularly those in hospital °. In this group,
delirium causing mental incapacity (due to acute iliness or underlying chronic disease),
occurs in 14-56% %°. To exclude those patients who lack capacity to provide informed
consent, from a study aiming to improve the management of CDI, would threaten the
validity of the results and their applicability to patient care more generally. Furthermore,
this study involves neither invasive tests nor risk to the patient. The planned
interventions (skin swabbing and stool sample collection) should cause minimal
inconvenience. Therefore patients who lack mental capacity (as defined by the Mental
Capacity Act 2005) should be included if consultee approval can be obtained.

Having identified that a patient lacks capacity, the research nurse or doctor will
approach any relative or friend who is visiting at that time. If there is no one present,
they will make three attempts to contact, by telephone, the relatives/close friends
whose details are on the hospital next of kin form. If the relative/close friend, when
contacted, declines to act as a personal consultee he/she will be asked to suggest

another individual who might be willing to take on the responsibility.

If a relative/close friend agrees to act as a personal consultee, the research team
member will arrange a time to meet in person, preferably the same day. At that meeting
they will explain the role and responsibility of a personal consultee, discuss the study
and go through the written information, including the form that personal consultees
need to sign. If the relative or friend does not attend, the research team member will

attempt to meet him/her on up to two further occasions.

If no personal consultee is available, or it has not been possible to meet with a potential
consultee, by the start of day 3 of a patient’s CDI treatment a nominated consultee will
be approached. This is to ensure that a skin swab set can be taken within the first 3
days of treatment, as per the schedule outlined below (pages17-18), For this study the
consultant in charge of the patient’s care will be approached to act as a nominated
consultee, as he/she will have no connection with the project. He/she will be sent a
copy of the protocol and PIL by email, and will then meet with a member of the
research team to go through consultee form if he/she is satisfied that it is appropriate

for the patient to participate in the study.
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Whenever possible conversations regarding consultee approval will take place in the
presence of the patient, to ensure he/she is involved in the process and does not
actively decline to participate in the study.

As capacity can fluctuate it will be reassessed by the research nurse or doctor at each
study visit. If a subject who initially lacked mental capacity regains it during the study,
he/she will be informed of the study and their involvement though consultee approval.
He/she will be asked to give informed consent if he/she wants to remain in the trial. If
he/she wishes to withdraw from the trial, no further trial related procedures will be
performed, but data to that point will be used in analysis. Data from any patient who
dies before regaining capacity (but for whom there was consultee approval for

involvement) will be included in analysis.

If a patient looses capacity during the study consultee approval will be sought for their

continued involvement, following the process outlined above.

Original consent and consultee approval forms will be held by the research team.
Copies will be given to the patient/consultee and also filed in the patient’s notes, along

with a PIL so that the clinical team can contact the research team if needed.

Patient withdrawal from the study:

Any patient (or consultee for those who lack capacity) will be free to refuse participation
in all or any part of the trial, at any time and for any reason, without affecting their
treatment. However, if a patient decides to withdraw from the study, data collected up
to the point of withdrawal from the study will be included in the final analysis. This will

be made clear during the initial visit by the research nurse and in the PIL.

All sampling and data collection will cease if the patient is discharged from hospital or
dies before the end of their planned involvement in the study. Data collected up to the

point of discharge will be included in the analysis.
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If an enrolled patient is switched from either metronidazole or vancomycinto
fidaxomicin, after receiving more than 24 hours of either metronidazole or vancomycin
he/she will be withdrawn from the study, but data collected to that point will be included
in the analysis. Enrolled patients who have received any fidaxomicin before being
switched to metronidazole or vancomycin, will be excluded. Patients who are switched
between metronidazole and vancomycin, or simultaneous prescribed both agents, will

remain in the study.

Sample size calculation:

Primary endpoints:

The co-primary endpoints of the study are skin and environmental contamination.
These two outcomes have been chosen as they are considered of equal importance in
this study. Whilst it could be argued that there might be a relationship between patient
skin contamination and subsequent environmental contamination, each of the two
outcomes is likely to be sufficiently influenced by different variables to allow them to be
considered independent from one another. For example, only environmental
contamination will be affected by different surface materials, cleaning products and
procedures, and by C. difficile spore contamination by different patients (who may have
contaminated the ward before the study period, given the ability of spores to persist
long term). As these outcomes are being considered independent from each other, no

adjustment to the alpha value has been made when performing power calculations.

For skin contamination, assuming patients contribute 4 samples at approximate 2-3
day intervals through to the end of treatment, and that with metronidazole/vancomycin,
the proportions with recoverable C. difficile are approximately 90%, 75%, 60% and
45% following Sethi et al 7, then including a total of 60 patients treated with
vancomycin/metronidazole and 40 patients treated with fidaxomicin (approximate
anticipated ratio) would provide >80% power to detect a 50% faster decline in
colonisation (OR(fidaxomicin vs vancomycin/metronidazole)=0.5; two-sided
alpha=0.05), assuming 5% and 10% drop-out at the third and fourth time points
respectively. Recruitment would continue until at least 40 fidaxomicin patients have
been included, or until a total of 100 patients have been included, whichever occurs
first, in order to ensure that a reasonable number with fidaxomicin are included whilst

retaining sufficient power.
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Summary data as of June 2016 indicate that the proportion of enrolled patients
receiving fidaxomicin is 32% rather than 40% as anticipated, and further that missing
samples are more common (percentage with the first four samples is approximately
35%, 70%, 70% and 60%, vs predicted 100%, 100%, 95%, 90%; a much larger
proportion than expected are missing their baseline sample in particular). To retain the
same power to detect the same difference in decline in colonisation above, using these
revised proportions receiving fidaxomicin and providing samples, requires the sample
size to be increased to 120 patients, of whom at least 38 would be expected to be

receiving fidaxomicin.

The environment of all CDI cases during the study period will be sampled. It is
anticipated that 50% of patients will consent to skin and stool sampling. Therefore, if
the study aims to recruit at least 100 patients to this latter group, environmental
samples will be obtained from a total of at least 200 CDI cases overall. This number will
provide >80% power to detect a 33% faster decline in environmental contamination

(OR (fidaxomicin vs vancomycin/metronidazole) =0.67; two-sided alpha=0.05).

Secondary endpoints:

Skin contamination is a binary outcome variable, and therefore power to detect
differences between fidaxomicin and vancomycin/metronidazole would be expected to

be higher for the continuous secondary outcomes of skin and faecal spore counts.

Study duration:

From April to September 2014 there were approximately 140 cases of CDI in patients
aged = 18 years old across the two hospital trusts involved in the study. We estimate
that 10% of these patients meet the exclusion criteria,10% do not receive treatment,
and that CDI rates may be falling by up to 20% annually. Making these allowances we
anticipate approximately 170 patients will be recruited into the environmental sampling
arm of the study in 12 months. If 50% of these patients consent to skin swabbing and
faecal sample collection we estimate that it will take approximately 15 months to recruit

the 100 patients required in this arm of the study.
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At the beginning of March 2016 a decision was made to extend study recruitment until
the end of December 2016 on the basis of both slower than anticipated recruitment to
the environmental sampling arm and only approximately 1/3 of these patients
consenting to skin swabbing and faecal sample collection. A timeline for the study can
be found in Appendix 2.

Data collection:

The following patient data will be collected by a research nurse or doctor using
standardised case report forms (CRF), one for patient identifiable information and one
for clinical data. It will be obtained from medical and nursing records, the microbiology
laboratory information system, discussion with the patient and his or her

nursing/medical team. The clinical data CRF will be updated at each patient visit.

1. Patient demographics:
a. Name
b. Date of birth (as a second identifier; only age, which is not considered
identifiable, will be used in the analysis)
Sex
Dates of admission and discharge

Specialty (at time of diagnosis and any subsequent changes)

=~ o o o0

Ward (at time of diagnosis and any subsequent moves)
2. Patient medical history:
a. Number and dates of previous episodes of CDI
b. History of any gastrointestinal disease
c. History of immunosuppression (defined as the presence of one or more
of the following: acquired immune deficiency syndrome (AIDS), solid
organ or haematopoietic stem cell transplant, neutropenia,
immunosuppressive drug or systemic corticosteroid for >1 month,
corticosteroid >10mg or cytotoxic chemotherapy in the last 2 months)
d. Presence of faecal incontinence (during CDI episode)
3. Patient medication (during CDI episode):
a. Antimicrobials
b. Chemotherapy
c. Peristaltic agents
d

Enteral feeding



e.

f.
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Laxatives

Proton pump inhibitors

4. CDI episode:

o o T

Duration of diarrhoea (days)
Daily frequency of diarrhoea
Antimicrobial treatment (drug, dose and duration)
CDI severity markers at onset of episode (as defined by Department of
Health criteria %) :
I. temperature above 38.5 (within 48 hours before/after diagnosis)
ii. clinical or radiological evidence of colitis or toxic megacolon
(clinical = abdominal pain/tenderness/distension or absent bowel
sounds; radiological = imaging report by consultant radiologist
documenting colitis/toxic megacolon)
jii. total white cell count (x10%L; within 48 hours before/after
diagnosis, if available)
iv. serum creatinine (umol/L; within 48 hours before/after diagnosis,
if available)
Note no additional diagnostic tests will be done as a part of this protocol.
The results of tests done for clinical purposes will be recorded.
Recurrence of CDI (up to day 28 after completion of treatment; defined

as recurrence of diarrhoea with further toxin positive stool sample)

5. Diagnostic stool sampling:

a.
b.

C.

Date of collection of C. difficile toxin positive stool collection
Date of C. difficile toxin positive stool result

Results of any other investigations performed on the stool sample

6. In environmental study:

a.

b.

C.

Ward hygiene (decontamination practice for CDI cases (cleaning
frequency, disinfectant used), time between cleaning and sample
collection)

Presence of CDI outbreak on the ward

Environmental sampling (sites sampled and day (of CDI episode)

sampling performed)

7. In skin swab and stool sample study:

a.

b.

Stool sampling (collection date(s) of further stool samples and Bristol
stool type)
Patient skin sampling (sites sampled and day (of CDI episode) sampling

performed)
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c. Patient bathing (time between bathing and skin sampling in hours)
d. Patient hand washing (time between hand washing and hand swabbing

in hours)

Data storage and transfer:

Patient confidentiality will be preserved throughout the study. Each patient will be
assigned a unique study number at enrolment to allow data to be anonymised. The
only staff members who will have access to the data before it is anonymised are the
research nurses and doctors, who are NHS employees and part of the direct care

team.

One CRF will be used to collect patient-identifiable data. This will also link participants
to their unique study number. The number will be the only identifier used on a separate
CREF for collecting clinical data, on the electronic database, on study samples and in

the analysis of results.

Consent and consultee approval forms will be kept with CRFs in a locked cabinet in
secure offices of the Microbiology Department at each study site. Electronic data held
at each study site will be kept on a password-protected database that will be hosted on

encrypted servers within the NHS firewall. It will be backed up daily.

Patient identifiable data will be kept for 6-12 months after the study ends. All other
study data will be kept for 10 years. The end of the study is defined as the date of

collection of the last sample set from the final patient recruited.

Data transfer between study sites will be required for analysis. Only anonymised data
will be transferred via password protected, secure email accounts. These will be
accessed from computers that are within the NHS firewall, thus ensuring that the data

remains encrypted during transfer.
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Environmental sampling (all patients):

Environmental sampling will be performed before treatment (if feasible, or a soon as
possible after it has started) then every 2-3 days during treatment. Samples will also
be collected on the day treatment ends, and at days 7+ 3 days, 14+ 3 days and 28+ 5
days thereafter. Sampling will not continue if a patient dies or leaves hospital before
their study participation is due to end.

Samples will be obtained by a research nurse or doctor using a flocked swab (Copan,
Brescia, Italy) moistened with sterile water. The researcher will wear sterile gloves
whilst doing the sampling. Used swabs will be labelled with the patient’s study number,

sample site and date, and then transported to the laboratory.

Environmental surfaces to be tested are as follows:

e Bed rail

e Bedside table

e Call bell

e Commode/toilet seat

o Floor area (parallel to right hand bed edge at level of the bottom wheel)

A 5 x 20cm?area of flat surfaces will be measured out and swabbed, whilst the entire
surface of the call bell will be included. A 13.3cm length of the bed rail will be measured
and the entire surface area swabbed. All study team members who collect

environmental swabs will receive training to ensure sampling is standardised.

In the laboratory, samples will be culture to detect the presence of C. difficile spores.

Isolates will then undergo ribotyping (see laboratory manual v3.0, 28/1/15).

Skin sampling (consented patients):

Patient’s skin surfaces will be sampled on the same days as their environment (see
above). Sampling will be done by a research nurse or doctor wearing gloves (which will

be changed between sampling each site). The areas to be included are ’:
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e Groin (right hand side)
o Lower abdomen (defined as the area directly below the umbilicus)

e Dominant hand

Sites will be sampled using a flocked swab (pre-moistened with 1ml sterile water). A5
x 20cm? area of the groin and abdomen will be sampled (marked out using a template),
whilst the whole of the patient’s dominant hand will be swabbed. Used swabs will be
transported to the lab in a sterile container labelled with the patient’s study number. All
study team members who collect skin samples will receive training to ensure sampling
is standardised. In the laboratory samples will be culture for C. difficile spores (both
their presence and absolute number) and isolates will be ribotyped. Detailed

information can be found in the laboratory manual v3.0, 28/1/15.

Faecal sampling (consented patients):

The initial stool sample with a positive test for C. difficile toxin will be cultured to provide
pre-treatment spore levels. Further stool samples will then be collected every 2-3 days
during treatment, at the end of treatment, and at 7 £ 3 days, 14 + 3 daysand 28 £ 5
days after treatment has been completed. To preserve their dignity, patients who can
toilet independently will be asked if they wish to collect the sample themselves. Those
who decline to collect their own samples or who require assistance with toileting will
have them collected by ward nursing staff. All samples will be submitted to the
microbiology laboratory using a study-specific collection pot and proforma. Research
nurses will ensure there is a supply of these on the ward, pre-labelled with the patient’s
study number, and will remind patients/nursing staff on days when samples are to be

collected.

In the laboratory faecal samples will be processed to measure the concentration of C.
difficile spores they contain. In consenting patients who are not taking other
antimicrobials they will also be processed for the concentration of fidaxomicin,
vancomycin or metronidazole. Detailed information can be found in the laboratory
manual v3.0, 28/1/15.
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The initial stool sample with a positive test for C. difficile toxin will also be required from
patients in the environmental arm of the study. A portion of this sample will be cultured
for C. difficile which will then undergo ribotyping and, if necessary, multiple locus
variable number tandem repeat (MLVA) analysis, to allow comparison with any C.
difficile isolates obtained from the patient’s environment. Consent will not be requested
for using the samples as these typing methods form part of standard Infection Control
practice in hospitals for controlling CDI. Members of the research team will use limited
personal data in order to identify the stool samples in the microbiology laboratory.
Those accessing this data and the samples will be employees of the microbiology
department and therefore members of the clinical care team providing diagnostic

services to the patinet.

Sample storage:

Anonymised environmental and skin swab samples will be stored at 5°C until testing. A
portion of the faecal sample will be frozen at -20°C within 2 hours of receipt for
antibiotic concentration testing. The remainder will be stored at 5°C. Refrigerators and
freezers will be located within the Departments of Microbiology at Leeds General
Infirmary and St George’s Hospital. In accordance with the Human Tissue Act 2004
these samples will be destroyed at the end of the study. C. difficile isolates will be

stored at -20°C in nutrient broth with 10% glycerol.

Statistical analysis:

For comparisons between treatment with fidaxomicin or vancomycin/metronidazole,
any patient who does not receive one of the antibiotics for at least 48 hours will be

excluded from the final analysis.

In patients receiving fidaxomicin/vancomycin/metronidazole for >=48 h, the following
outcomes will be compared between fidaxomicin and vancomycin/metronidazole

treatment groups over time:

e Percentage of skin samples that are positive for C. difficile spores
e Percentage of environmental samples that are positive for C. difficile spores

o C. difficile total spore counts in skin samples
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o C. difficile spore counts in faecal samples

All total spore counts will be log10 transformed for normality. For each outcome, means
(+/- standard error of the mean) or percentages (+/- 95% confidence intervals) as
relevant will be calculated in each group at each time point (based on observed values)
and plotted to describe the impact of time. The treatment groups will be compared
using methods which adjust for the repeated measures nature of the data. The primary
analysis will use generalised estimating equations (binomial response, logit link,
independent correlation structure) and will include a categorical factor to test for
differences at each time point through to the end of treatment, based on a global test of
difference. This test does not make any assumptions about the relationship between
time and each outcome in each treatment group, and, for example, can accommodate
a small difference which widens and then narrows again, or a simple difference in rate
of change over time. If the global test for difference reaches statistical significance
(p<0.05), then pairwise tests comparing treatment groups will be conducted at each
time point to quantify the duration of differences in contamination rates between
groups. If the descriptive analysis suggests that a linear time effect is plausible, models
also fitting a constant slope (linear function of time) in each treatment group will also be
fitted as this analysis will provide more power if the underlying model is not mis-
specified. In this situation, secondary analyses will also consider different models for

the data, specifically mixed or random effects models.

Primary analyses will restrict to the period over which treatment is given, because this
will typically be 10 days in all patients (regardless of treatment group) and sampling
should be fairly complete during this period as patients will likely remain in hospital.
Secondary analyses will include all observed time points; of note, if fidaxomicin
reduces recurrence, fewer post-treatment observations might be expected in this group
as patients may be more likely to be discharged. Time to last sample will be compared
between randomised groups to explore the potential for this type of selection bias using

Kaplan-Meier and log-rank tests.

Baseline characteristics will be compared between fidaxomicin and
vancomycin/metronidazole groups. Because the study is non-randomised, there is the
potential for confounding to influence the comparisons of primary and secondary
outcomes described above. It is acknowledged, for example, that differences in

environmental cleaning protocols between study centres may introduce inter-site
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variations. Therefore analyses will also be conducted adjusting for effects of any
baseline characteristics that may differ between the treatment groups (using a less
strict criteria of p<0.1 to ensure that moderate confounding is not influencing results),
allowing effects of baseline factors both on the initial t=0 measurement, and the

measurements at subsequent timepoints.

Project management:

Professor Mark Wilcox will be the Chief Investigator and the Principle Investigator at
LTHT. Dr Tim Planche will be the Principle Investigator at SGHT. Both of these
individuals have previously been involved in managing numerous, large national and
international research studies. A research registrar based at LTHT will co-ordinate the
day to day running of the study. Microbiology research nurses at each centre will recruit
patients, collect environmental and skin samples, co-ordinate the collection of stool
samples, complete CRFs and input the data from them on to the electronic database.

Processing of samples will be performed at LTHT by research laboratory staff.

The study will comply with the principles of Good Clinical Practice, the Mental Capacity
Act (2005), the Data Protection Act (1998) and NHS research governance.

Reporting:

This is an observational study. Results will be reported to the sponsor but not to
clinicians. A summary sheet of the study outcomes will be available for study

participants if requested.
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Publication:

The study results will be submitted for publication as oral or poster presentations at
international conferences of microbiology/infectious diseases and then in peer
reviewed scientific journals. All patient data in any publications will be fully anonymised.

Finance:

The project is being funded by Astellas Pharma Europe Ltd.
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Appendix1: Study flow-diagram
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Study phase Set up Start of Complete Analysis and

recruitment recruitment write up
Timescale Dec 2014 Jan 2015 December March 2017
(completion date) 2016
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Appendix B Media used for bacterial culture and
incubation

B.1 Solid agar
All media were prepared according to manufacturer’s instructions unless otherwise
instructed, before being autoclaved at 121° C for 15 minutes. The reagents and media

prepared have been reported previously (235).

B.1.1 Nutrient agar (CM0003, Oxoid)
Ingredients g/ litre
‘Lab-Lemco’ powder 1.0
Agar 15.0
Peptone 5.0
Sodium chloride 5.0
Yeast extract 2.0
B.1.2 MacConkey agar (CM0115, Oxoid)
Ingredients g/ litre
Agar 15.0
Bile salts no.3 15
Crystal violet 0.01
Lactose 10.0
Neutral red 0.03
Peptone 20.0
Sodium chloride 5.0
B.1.3 Kanamycin aesculin azide agar (CM0591, Oxoid)

The following were added in addition to the agar base; 10 mg/L nalidixic acid, 10 mg/L

aztreonam, 20 mg/L kanamycin and 1 mg/L lincomycin.
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Ingredients g/ litre

Agar 10.0

Mix for streptococci 0.6

Sodium chloride 5.0

Starch 0.6

Yeast extract 50

w

1.4 Fastidious anaerobe agar (LAB090, LabM)

The following were added in addition to the agar base; 5 % horse blood.

Ingredients gl litre

Arginine 1.0

Glucose 1.0

L-cysteine HCI 0.4

Sodium bicarbonate 0.4

Sodium pyruvate 1.0

Starch 1.0
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B.1.5 Bile aesculin agar (CM888, Oxoid)
The following were added in addition to the agar base; 2 % haemin and 0.002 %

vitamin K1.

Ingredients g/ litre

Bile salts 15.0

Aesculin 1.0

B.1.6 LAMVAB Agar

LAMVAB agar was prepared by mixing two solutions (X + Y). Solution X (500 ml) was
prepared with 104.4 g/L MRS Broth (CM359, Oxoid), supplemented with 0.5 g/L

cysteine hydrochloride (C1276, Sigma).

MRS Broth

Ingredients gl litre

Glucose 20.0

Magnesium sulphate 4H,0 0.05

Peptone 10.0
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Sorbitan mono-oleate 1ml
Triammonium citrate 2.0
Yeast extract 4.0

Solution X (500 ml) was 40 g/L Agar technical 3 (LP0013, Sigma).

After autoclaving, solution X + Y were mixed and 1ml vancomycin (V2002, Sigma) was

added. The pH of the solution was adjusted to 5.0 +/- 0.1 using 4 M HCI (Sigma).

B.1.7 Beerens Agar

The following were added in addition to the Columbia agar base; 5 g/L glucose (G7528,
Sigma), 0.5 g/L cysteine HCI (C1276, Sigma). After heating the mixture to 100° C it
was cooled to 55° C, subsequent to which 5 ml/L propionic acid (P1386, Sigma)

was added to adjust the mixture to pH 5.

Columbia agar base

Ingredients g/ litre
Agar 10.0
Sodium chloride 5.0
Special peptone 23.0
Starch 1.0
B.1.8 CCEYL Agar (LAB 160, LabM)

The following were added in addition to the agar base; 8 mg/L cefoxitin & 250 mg/L
cycloserine (X093, LabM), 2 % lysed horse blood (BHB400, E & O) and 5 mg/L

lysozyme (L6876, Sigma).
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Ingredients g/ litre

Gelatin peptone 10.0

Haemin 0.005

Menadione 0.0005

Sodium pyruvate 1.0

Yeast extract 5.0
B.1.9 BHI Agar (Oxoid)
Ingredients gl litre

Beef heart infusion solids 5.0

Disodium phosphate 2.5

Proteose peptone 10.0

B.2 Broth
BHI and CCEYL broth have the same ingredients as their agar counterparts, minus the

addition of agar.

B.2.1 Minimal Media
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Minimal media was used for incubating gut model bacterial populations. All ingredients
were added prior to autoclaving except glucose, calcium chloride and magnesium
sulphate which were dissolved in dH20 and sterilised through a 0.22um syringe filter.
After autoclaving, 200ml of 5X minimal salts solution was transferred to 800ml of sterile

distilled H20, producing a solution with the following concentration of ingredients;

Ingredients g/ litre
Ammonium chloride 1.3
Calcium chloride 0.01
Glucose 0.7
Magnesium sulphate 0.2
Potassium dihydrogenphosphate 3.8
Sodium chloride 0.6
Sodium phosphate 5H,0 16.0
B.2.2 Gut Model Vessel Media
Ingredients Manufacturer g/ litre
Arabinogalactan Sigma 1.0
Bile salts no.3 Sigma 0.5
Calcium chloride Sigma 0.01
Cysteine HCI Sigma 0.5
Di-potassium AnalR 0.04

monohydrogen phosphate

Glucose Sigma 0.4
Haemin Sigma 0.005
Magnesium sulphate Sigma 0.01
Pectin Oxoid 2.0
Peptone water Oxoid 2.0
Potassium dihydrogen Sigma 0.04

phosphate
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Sodium chloride Sigma 0.1

Starch Fisher 3.0

Vitamin K Sigma 10 ul/L
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Protein IDs

Fasta headers

Mol.
weight
[kDa]

P24295

>sp|P24295|DHE2_CLOSY
NAD-specific glutamate
dehydrogenase OS=Clostridium
symbiosum GN=gdh PE=1
Sv=4

49.295

Q042T5

>sp|QO042T5|EFTU_LACGA
Elongation factor Tu
OS=Lactobacillus gasseri (strain
ATCC 33323/ DSM 20243/
JCM 1131/ NCIMB 11718/
AM63) GN=tuf PE=3 SV=2

43.677

P22983;Q92HI8;Q4ULI7;Q1RH7S;
Q9ZD55;Q68WP2;Q59754

>sp|P22983|PPDK_CLOSY
Pyruvate, phosphate dikinase
OS=Clostridium symbiosum
GN=ppdK PE=1 SV=5

96.653

Q74JU6

>sp|Q74JUB|EFTU_LACJO
Elongation factor Tu
OS=Lactobacillus johnsonii
(strain CNCM 1-12250 / Lal /
NCC 533) GN=tuf PE=3 SV=1

43.664

QO42F2

>sp|QO042F2|PGK_LACGA
Phosphoglycerate kinase
OS=Lactobacillus gasseri (strain
ATCC 33323/ DSM 20243/
JCM 1131/ NCIMB 11718/
AM63) GN=pgk PE=3 SV=1

43.043

Q042F4;C0QI43;B4U9X7;032513;
C4XLR9

>sp|QO042F4|[ENO2_LACGA
Enolase 2 OS=Lactobacillus
gasseri (strain ATCC 33323/
DSM 20243 /JCM 1131/
NCIMB 11718 / AM63)
GN=eno2 PE=1 Sv=1

46.91

Q046C7;Q74L90;Q1GBMO;Q1WVA
0;Q9ZEU4;Q6YQV9;:Q2NJ19;B3QZ
H4;Q9Z9L7;Q5WLR5:Q250N5:B8G
1W3;Q8CQ82;Q6GJIC1;Q6GBUO;Q
5HRK5;Q5HIC8;Q4L3K8;Q2YSB4;
Q2GON1;Q2FJ93:P68791;P68790:;
P68789;P68788;A7TWYX4:ABTZ24;
ABQEJY;A5IQA1:Q839G9:Q49V57;

>sp|Q046C7|EFG_LACGA
Elongation factor G
OS=Lactobacillus gasseri (strain
ATCC 33323/ DSM 20243/
JCM 1131/ NCIMB 11718/
AM63) GN=fusA PE=3
SV=1;>sp|Q74L90|EFG_LACJO
Elongation factor G
OS=Lactobacillus johnsonii

76.947
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Q88XY8;Q03PV4;Q11QB0;B3EUF
3

(strain CNCM 1-12250 / Lal /
NCC 533) GN

QO42F3

>sp|QO42F3|TPIS_LACGA
Triosephosphate isomerase
OS=Lactobacillus gasseri (strain
ATCC 33323/ DSM 20243 /
JCM 1131/ NCIMB 11718/
AM63) GN=tpiA PE=3 SVv=1

27.294

P62413

>sp|P62413|PGK_LACJO
Phosphoglycerate kinase
OS=Lactobacillus johnsonii
(strain CNCM 1-12250 / Lal /
NCC 533) GN=pgk PE=3 SVv=1

43.018

P62052

>sp|P62052|LDH1_LACJO L-
lactate dehydrogenase 1
OS=Lactobacillus johnsonii
(strain CNCM 1-12250 / Lal /
NCC 533) GN=Idhl PE=3 Sv=1

35.079

C47Z2R9;Q1GP97

>sp|C4Z2R9|EFTU_EUBE?2
Elongation factor Tu
OS=Eubacterium eligens (strain
ATCC 27750 / VPI C15-48)
GN=tuf PE=3 SV=1

43.997

Q74K79

>sp|Q74K79|TPIS_LACJO
Triosephosphate isomerase
OS=Lactobacillus johnsonii
(strain CNCM 1-12250 / Lal /
NCC 533) GN=tpiA PE=3 SV=1

27.338

Q04325

>sp|Q043Z5|ENO1_LACGA
Enolase 1 OS=Lactobacillus
gasseri (strain ATCC 33323/
DSM 20243 /JCM 1131/
NCIMB 11718 / AM63)
GN=enol PE=3 SvV=1

46.652

P19413

>sp|P19413|BAIF_CLOSV Bile
acid-CoA transferase
OS=Clostridium scindens (strain
JCM 10418 / VPI 12708)
GN=baiF PE=1 SV=3

47.469

Q74K78

>sp|Q74K78|ENO1_LACJO
Enolase 1 OS=Lactobacillus
johnsonii (strain CNCM [-12250 /
Lal / NCC 533) GN=enol PE=3
sSv=1

47.071

Q74IV0

>sp|Q74IVOJENO3_LACJO
Enolase 3 OS=Lactobacillus
johnsonii (strain CNCM 1-12250 /
Lal / NCC 533) GN=eno3 PE=3
Sv=1

46.633

A8YXK3

>sp|A8YXK3|EFG_LACH4
Elongation factor G
OS=Lactobacillus helveticus
(strain DPC 4571) GN=fusA
PE=3 Sv=1

76.821

A9KRZ4

>sp|A9KRZ4|EFTU_LACP7
Elongation factor Tu
OS=Lachnoclostridium

43.856
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phytofermentans (strain ATCC
700394 / DSM 18823 / 1ISDQ)
GN=tuf PE=3 SV=1

Q5FMJ3

>sp|Q5FMJ3|GPMA _LACAC
2,3-bisphosphoglycerate-
dependent phosphoglycerate
mutase OS=Lactobacillus
acidophilus (strain ATCC
700396 / NCK56 / N2 / NCFM)
GN=gpmA PE=3 SVv=1

26.525

Q5FM92

>sp|Q5FM92|EFG_LACAC
Elongation factor G
OS=Lactobacillus acidophilus
(strain ATCC 700396 / NCK56 /
N2 / NCFM) GN=fusA PE=3
Sv=1

76.853

P32370

>sp|P32370|BAIH_CLOSV
NADH-dependent flavin
oxidoreductase OS=Clostridium
scindens (strain JCM 10418/
VPI 12708) GN=baiH PE=3
Sv=1

72.029

P19337

>sp|P19337|BAIA2_CLOSV
3alpha-hydroxy bile acid-CoA-
ester 3-dehydrogenase 2
OS=Clostridium scindens (strain
JCM 10418 / VPI 12708)
GN=baiA2 PE=1 Sv=1

26.538

Q74LL9

>sp|Q74LL9|GPMAL_LACJO
2,3-bisphosphoglycerate-
dependent phosphoglycerate
mutase 1 OS=Lactobacillus
johnsonii (strain CNCM [-12250 /
Lal / NCC 533) GN=gpmALl
PE=3 Sv=1

26.608

P30901

>sp|P30901|LDHD_LACHE D-
lactate dehydrogenase
OS=Lactobacillus helveticus
PE=1 SVvV=2

37.779

P07914

>sp|P07914|BAIA1_CLOSV
3alpha-hydroxy bile acid-CoA-
ester 3-dehydrogenase 1/3
OS=Clostridium scindens (strain
JCM 10418 / VPI 12708)
GN=baiAl PE=1 SV=3

26.657

Q02T82;P09591;A6UZH4;Q0ABH7
:ASEX84:Q0AIJ7;Q0AF46;A1IWVD
6;A1WVC4;Q83ES6;:AINAK7;A9K
D33;Q981F7;A1B002;Q92GW4;Q8
KTA6;Q8KTA3:Q8KTAL;Q8KT99;Q
8KT97;Q8KT95;P48865;POA3BO;P
0A3A9;C4K212;C3PPA9:BOBURZ;A
8GT71;A8F2E9;Q9P9Q9;Q877P8;
Q81ZS3;Q6FF97;Q311Y4;,Q4FQG6
:Q1Q8P2;Q7UMZ0

>sp|QO02T82|EFTU_PS